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Redox potentialThis review focuses on phylloquinone as an indispensable link between light-induced charge separation and
subsequent charge stabilization in Photosystem I (PS I). Here, the role of the polypeptide in conferring the
necessary kinetic and thermodynamic properties to phylloquinone so as to specify its functional role in PS I
electron transfer is discussed. Photosynthetic electron transfer and the role of quinones in Type I and Type II
reaction centers are introduced at the outset with particular emphasis on the determination of redox
potentials of the cofactors. Currently used methodologies, particularly time-resolved optical spectroscopy
and varieties of magnetic resonance spectroscopy that have become invaluable in uncovering the details of
phylloquinone function are described in depth. Recent studies on the selective alteration of the protein
environment and on the incorporation of foreign quinones either by chemical or genetic means are explored
to assess how these studies have improved our understanding of protein–quinone interactions. Particular
attention is paid to the function of the H-bond, methyl group and phytyl tail of the phylloquinone in
interacting with the protein environment.© 2009 Elsevier B.V. All rights reserved.1. Electron transfer in Photosystem ILife on planet Earth is sustained to a large extent by oxygenic
photosynthesis. In this highly evolved process, solar energy is used to
convert CO2 and H2O into carbohydrates, releasing O2 to the atmo-
sphere as a by-product. Photosynthetic organisms are able to perform
this task so efﬁciently that the composition of the atmosphere
underwent a complete transition ∼2.3 billion years ago as a result of
the arrival of cyanobacteria some ∼400 million years earlier [1,2].
Indeed, it is the production of O2 by photosynthetic prokaryotes that
has made the emergence of highly advanced forms of eukaryotic life
possible some 1.4 billion years ago [3–5]. To this day, oxygenic
photosynthesis remains the sole source of O2 in the atmosphere. All of
this photosynthetic activity has generated enough biomass to provide
all of the stored carbon-based fuel currently used by humankind.Many
of thoseworking in the ﬁeld of bioenergetics believe that the economic
deployment of solar biofuels will depend on the construction of
artiﬁcial systems that closely mimic the process of natural photo-em II; ATP, Adenosine tripho-
osphate; RC, Reaction center;
on nuclear double resonance;
ing; H-bond, Hydrogen bond;
y and Molecular Biology, The
2, USA. Tel.: +1 814 865 1163;
ll rights reserved.synthesis. For this reason, howphotosynthetic organisms convert light
into chemical bond energy has become a compelling topic of study.
The purpose of a photosynthetic reaction center is to generate and
stabilize a charge-separated state over hundreds of milliseconds,
which constitutes a biochemically relevant period of time [6]. It carries
out charge separation using the energy of a photon to generate a hole-
electron pair against a highly unfavorable thermodynamic gradient,
and stabilizes this state by transferring the electron and/or the hole
through a series of cofactors to lengthen the lifetime of the donor-
acceptor pair. In general, two types of photosynthetic reaction centers
exist and are classiﬁed depending on the nature of the terminal
electron acceptor [7]. Type I reaction centers use a bound iron–sulfur
cluster and operate at the reducing end of the redox scale [8,9]. Type II
reaction centers use a lipophilic quinone molecule and operate at the
oxidizing end of the redox scale [10]. During oxygenic photosynthesis,
the Type II reaction center, Photosystem II (PS II), and the Type I
reaction center, Photosystem I (PS I), function in series to oxidize
water and reduce NADP+, respectively [11]. Conceptually, the process
is initiated at PS II, where light-induced charge separation generates a
strong oxidant that prompts a catalyst consisting of four Mn and one
Ca to decompose H2O into O2, protons and electrons [12–20].
Concomitantly, light-induced charge separation in PS I generates a
strong reductant that ultimately reduces NADP+ to NADPH [21]. The
energy of the proton gradient, generated as a result of H2O oxidation
and by passage of the electron through the cytochrome b6f complex, is
conserved in the generation of ATP from ADP and inorganic
phosphate. The process culminates when CO2 is converted into
Fig. 1. Structural model of trimeric PS I at 2.5 Å resolution viewed from the stromal side
onto the membrane plane (PDB ID 1JB0). The twelve proteins (PsaA–PsaF, PsaI–PsaM
and PsaX) that comprise the PS I complex and the antenna system are shown.
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NADPH [22].
In this article, we focus on phylloquinone as an indispensable link
between light-induced charge separation and subsequent charge
stabilization in PS I. Our goal is to describe the role of the polypeptide
in conferring the necessary kinetic and thermodynamic properties to
phylloquinone so as to specify its functional role in PS I electron
transfer. We begin by describing photosynthetic electron transfer in
general and the role of quinones in Type I and Type II reaction centers
in particular. We outline the currently used methodologies, particu-
larly time-resolved optical spectroscopy and varieties of magnetic
resonance spectroscopy that have become invaluable in uncovering
the details of phylloquinone function. We describe recent studies on
the selective alteration of the protein environment and on the
incorporation of foreign quinones either by chemical or genetic
means, and how these studies have improved our understanding of
protein–quinone interactions. Particular attention is paid to the
function of the H-bond, methyl group and phytyl tail of the
phylloquinone in interacting with the protein mileu. The aim of this
article is to place the most current work in the ﬁeld within the context
of protein–cofactor interactions; interested readers are asked to
consult several recent articles for a more complete treatment of the
role of the quinones in biology [23–32].
1.1. Pseudo-C2 symmetry and the bifurcating pathway of electron
transfer cofactors
The electron density map of trimeric PS I from the cyanobacterium
Thermosynechococcus elongatus has been solved to a resolution of
2.5 Å [33,34], thereby allowing the architecture of pigments, cofactors
and proteins to be accurately modeled (Fig. 1). Each PS I monomer
(hereafter known as the PS I complex) is comprised of twelve subunits
(PsaA to PsaF, PsaI to PsaM and PsaX), 96 chlorophyll a (Chl a)
molecules, 22 carotenoids, two phylloquinones (PhQ)1, three [4Fe–4S]
clusters, four lipids and a number of bound water molecules. The PsaA
and PsaB polypeptides assemble as a heterodimer and provide ligands
for themajority of the electron transfer cofactors, which are located on
both sides of a pseudo-C2 axis of symmetry. Thus, a common overall
binding frame exists for the two branches of electron transfer
cofactors. The arrangement of the electron transfer cofactors in the
PS I complex is depicted in Fig. 2. The individual cofactors are labeled
with their respective spectroscopic and structural names. The use of
‘A’ or ‘B’ in the structural name speciﬁes the protein (PsaA or PsaB)
that ligates the cofactor. The spectroscopic names refer to the electron
transfer pathway inwhich each cofactor participates. For instance, the
cofactor QKA (A1A) is bound by the PsaA subunit and is therefore on
the A-branch.
Light-induced charge separation is initiated within the six
excitonically coupled Chl molecules, which form the photoactive
core of the PS I complex; Chl a, ligated by PsaB and Chl a′, the 132
epimer of Chl a ligated by PsaA that comprise P700 [36], and four Chl a
molecules that comprise AA, AB, A0A, and A0B. When light is absorbed
by any of the 90 antenna Chls [37], the excited state migrates to these
six Chls, initiating charge separation and resulting in the formation of
what has historically been considered as the primary radical pair
P700+ A0A− (or P700+ A0B− ). The charge separation event occurs within
∼3.7 ps [38,39], but the details of the process remain obscure. Owing
to the relatively large distance between P700 and A0A (or P700 and A0B),
it is generally assumed that the accessory Chl AA (or AB) plays a role as1 Although Synechococcus sp. PCC 7002, Gleobacter violaceus and Cyanidium
caldarium contain menaquinone-4 (2-methyl-3-all-trans-tetraisoprenyl-1,4-naphtha-
lenedione) and Anacystis nidulans and Euglena gracilis contains 5-OH-phylloquinone
[35], we will use the term ‘phylloquinone’ (2-methyl-3-(3,7,11,15-tetramethyl-2-
hexadecenyl)-1,4-naphthalenedione) to denote a generic naphthoquinone in the A1A
and A1B sites of PS I.a transient electron transfer intermediate. Recently, a new model [40]
based on the analysis of ultrafast transient absorbance data has been
proposed in which the initial charge separation occurs between AA
and A0A (or AB and A0B), resulting in the primary radical pair AA+A0A−
(or AB+A0B− ). P700 quickly donates an electron to AA+ (or AB+), thereby
initiating the ﬁrst step in the stabilization of the charge-separated
states and resulting in the ﬁrst readily observable state, P700+ A0A− (or
P700+ A0B− ). In this model [40], the initial charge separation would have
to be a shallow trap for the exciton (i.e. it would need to be in
equilibrium with the Chl⁎ excited state) to explain the presence of
ﬂuorescence components that are longer lived than the modeled
trapping lifetime. The identiﬁcation of the initial charge-separated
state is critical for the development of strategies to selectively control
the pathway of electron transfer through the A- and B-branch
cofactors. The distinction between the two pathways stems partly
from the inequivalence of the Chl a/Chl a′ molecules and partly from
the inequivalency of the protein environment; both contribute to the
asymmetrical distribution of the positive charge on P700+ . According to
EPR studies, the positive charge is localized largely on the Chl a
molecule that is ligated by PsaB [41–43]. (However, see refs. [44,45]
for an alternative view from FTIR studies that the charge may be more
evenly distributed among the Chl a/Chl a′ special pair). Small
differences in the distance and environment between the A- and B-
side cofactors could affect the electronic coupling, and the resulting
difference in energies could contribute to the inherent asymmetry in
the two pathways. Following initial charge separation, the electron is
transferred within ∼30 ps to A1A (or A1B), resulting in the formation of
the P700+ A1A− (or P700+ A1B− ) radical pair that initiates the process of
stabilizing the charge-separated state over longer periods of time
[38,46–50].
Due to the pseudo-C2 symmetric arrangement of electron transfer
cofactors, there has been considerable debate about whether the A-
and/or B-side branches are active in electron transfer. However, there
is an emerging consensus that electron transfer in PS I follows a
bidirectional scheme [51–63]. The residual issues involve uncovering
the protein factors that lead to the initial asymmetry that results in
different amounts of A-branch and B-branch electron transfer in PS I
from different organisms. Regardless of the actual pathway, it must be
Fig. 2. Arrangement of electron transport cofactors in PS I. The two branches are denoted as A- and B-branch. The spectroscopic names and the structural names (in parantheses) are
indicated near each cofactor. The use of ‘A’ or ‘B’ in the structural names indicate the protein subunit (PsaA or PsaB) that ligates the cofactor. Note that the AA Chl on the A-branch is
bound indirectly by PsaB and the AB Chl on the B-branch is bound indirectly by PsaA. The spectroscopic names refer to the electron transfer pathway in which the cofactor
participates.
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rendered moot by the convergence of the A- and B-branches at FX, an
interpolypeptide [4Fe–4S]1+,2+ cluster. FX is ligated by two cysteine
residues from PsaA and by two cysteine residues from PsaB. It is one of
the most reducing iron–sulfur clusters known in biology [64,65]. The
terminal [4Fe–4S]1+,2+ clusters FA and FB are ligated by cysteine
residues on PsaC, which is a bacterial-like dicluster ferredoxin bound
on the stromal side of PS I [66,67]. The function of the three Fe/S
clusters is to serve as a molecular wire, lengthening the time of charge
separation at the expense of a fraction of the transiently stored Gibbs
free energy, and vectoring the electron out of the membrane into the
soluble phase.
While it is convenient to consider the pigments and electron
transfer cofactors as discrete entities, the protein melds the two
together by tuning both exciton and electron transfer. In one role, the
protein serves as a scaffold to position the antenna pigments and
electron transfer cofactors at ﬁxed distances and geometries so as to
promote efﬁcient migration of the excitonwithin the antenna bed and
rapid electron transfer among the bound cofactors. The principles that
govern the former are described by Förster theory [68] (as well as by
more sophisticated treatments; see [69]), and the latter by the matrix
coupling term in Marcus theory [70]. In another role, the protein
matrix serves as a medium to tune the thermodynamic properties of
the cofactors so as to balance the need for a strong driving force to
promote forward electron transfer against the need to conserve the
maximum amount of energy in the ﬁnal charge-separated state. This
compromise is ultimately the key to understanding the design
principles of PS I. The factors that govern the rate of electron transfer
as a function of driving force are described in the Franck–Condon term
in Marcus theory [70], and simpliﬁed in the case of proteins by theMoser–Dutton empirical formulation [71,72]. We focus this review on
describing the structural factors that govern the functional properties
of the phylloquinone molecules in PS I.
1.2. Participation of quinones in electron transfer
Quinones play an indispensable role in biology, wherein they
function as bound electron transfer cofactors, as gates for controlling
one-electron and two-electron chemistry, and as membrane diffusible
carriers of electrons and protons between redox proteins. They are
present in a wide variety of bioenergetic complexes including the
photosystems, i.e. the reaction centers in membranes of the phyla
Proteobacteria (purple non-sulfur bacteria) and Chloroﬂexi (green
non-sulfur bacteria), PS I, and PS II; the respiratory complexes, i.e. the
bc1 complex and the b6f complex; and certain enzymes, i.e. bo3 quinol
oxidase, and nitrate reductase (the jury is still out on whether the
homodimeric Type I reaction centers inmembers of the phyla Chlorobi
(i.e. green sulfur bacteria) and Firmicute (i.e. heliobacteria) contains a
functional quinone). The roles played by the quinones in these diverse
biological systems require them to possess a large range of midpoint
potentials, which can be as reducing as in the quinone/semiquinone
couple in PS I or as oxidizing as in the semiquinione/quinol couple in
the Qo site of the cytochrome bc1 complex. Yet, depending on the
number of conjugated rings and the identity of substituent groups,
quinones span only a limited range of redox potentials in aqueous and
non-aqueous media, and it is their interaction with protein that is the
key to extending the dynamic range of working potentials.
Two types of quinoid ring structures are present in photosynthetic
reaction centers: those based on a 1,4-naphthoquinone ring and those
based on a 1,4-benzoquinone ring (Fig. 3). Phylloquinone belongs to
Fig. 3. Structure of isoprenoid quinone rings. Phylloquinone is an analog of naphthoquinone with a phytyl substituent while plastoquinone-9 is an analog of benzoquinone with a
solanyl substituent.
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and a polyprenyl (phytyl) substituent. Plastoquinone-9 belongs to the
subclass of quinones composed of a 1,4-benzoquinone nucleus and a
polyprenyl (solanyl) substituent. Phylloquinone and plastoquinone-9
are synthesized only in oxygenic phototrophs and are bound to the
A1A/A1B and QA/QB binding sites in PS I and PS II, respectively. Type II
reaction centers are designed such that QA serves as a bound, one-
electron transfer cofactor and QB serves as a mobile, one-electron/
two-electron (plus two proton) gate. Here, the electron transfer
occurs unidirectionally through the A-side cofactors; electron transfer
through the B-side cofactors is not allowed [73]. The possible presence
of dielectric asymmetry [74,75] at the level of the initial cofactors and
the requirement for a stable QB semiquinone could be major factors in
determining the directionality in the proteobacterial reaction center.
Type I reaction centers are designed to promote (only) one-electron
transfers from P700 to the FA/FB clusters. In the homodimeric Type I
reaction centers that are present in heliobacteria and green sulfur
bacteria, the issue of uni- or bidirectional electron transfer is rendered
moot by deﬁnition. In the heterodimeric Type I reaction centers that
are present in plants and cyanobacteria, the symmetry is broken. Any
asymmetry in electron transfer through the two branches of
chemically equivalent cofactors leading from the primary donor P700
to the acceptor FX must be due to the surrounding protein. The larger
unanswered question is how the relatively minor differences in local
structure govern whether the electron passes through the A- or B-
branches of cofactors in PS I.
1.3. Structure of the A1A and A1B phylloquinone binding sites
Detailed views of the phylloquinone binding pockets in the A-
branch and B-branch (rotated 180° about the C2 axis of symmetry)
of PS I are depicted in Fig. 4. The three cofactors, A0 (not shown),
A1, and FX are linked by an intricate network of contacts and
hydrogen bonds that bind them to the protein and promote
electron transfer [76]. M688PsaA (M668PsaB) is the axial ligand to
A0A (A0B) and is H-bonded via its backbone oxygen to the side
chain oxygen of S692PsaA (S672PsaB). The side chain oxygen of
S692PsaA (S672PsaB) is also H-bonded to the indole ring nitrogen of
W697PsaA (W677PsaB). This Trp is π-stacked with the phylloquinoneA1A (A1B), which, in turn, is H-bonded to L722PsaA (L706PsaB). The
backbone oxygen of L722PsaA (L706PsaB) is H-bonded to the FX
binding loop through R694PsaA (R674PsaB). Careful examination of
the two binding sites reveals subtle differences despite the high
degree of overall symmetry. The most apparent difference is the
orientation of the phytyl tails of the phylloquinones in the A- and
B-branches (Fig. 4). Less obvious differences include the presence of
carotenoids with different orientations and conﬁgurations in the
vicinity of each of the two phylloquinone molecules (discussed in
Section 4.2.3), the arrangement of bound water molecules near the
phylloquinones, the distribution of charged and neutral lipids, and
the presence of a Trp contributed by PsaB just below the FX cluster.
The two most striking features of the A1A (A1B) quinone binding
pocket are the π-stacked arrangement withW697PsaA (W677PsaB) and
the presence of only one hydrogen bond to the protein backbone with
L722PsaA (L706PsaB). The interactionwith the Trp residue is assumed to
destabilize the negative charge on the semiquinone anion radical,
thereby lowering its redox potential. In contrast, the H-bond with-
draws electron density and stabilizes the negative charge on the
semiquinone anion radical, thereby raising its redox potential. The
question is how these and other factors conspire to confer an
appropriate redox potential to the A1A and A1B quinones.
2. Thermodynamic and kinetic properties of A1A and A1B
However good the theoretical calculations of the midpoint
potentials of the electron transfer cofactors have become, the details
of how the protein matrix confers the necessary thermodynamic
properties remain incompletely understood. The inﬂuence of protein
is primarily electrostatic, consisting of discrete charges on metal
centers, wholly or partially uncompensated charges on amino acid
side chains, the summed polarities of the amide bonds in the protein
backbone, the polarity of uncharged groups on amino acid side chains,
and the presence of H-bonds (which are polar). Calculating the
contributions of each of these factors to the net thermodynamic
properties of any particular electron transfer cofactor is a difﬁcult
undertaking. However, due to a number of fortunate circumstances
including the availability of a high resolution crystal structure, the use
of a ﬂash of light to initiate electron transfer, the ability to alter the
Fig. 4. The phylloquinone binding pocket on the A- (top) and the B-branch rotated 180° about the C2 axis of symmetry (bottom). The intricate network of H-bonding along with
the π-stacked W697PsaA/W677PsaB and the H-bonded L722PsaA/L706PsaB residues is shown.
1061N. Srinivasan, J.H. Golbeck / Biochimica et Biophysica Acta 1787 (2009) 1057–1088protein and cofactor composition, and the availability of powerful
spectroscopic methods to probe structure–function relationships, PS I
is rapidly becoming one of the most appropriate biological models for
the study of protein–cofactor interactions.
2.1. Energetics of electron transfer through the A1A and A1B
phylloquinones
The rate of nonadiabatic electron transfer between two successive
redox cofactors is described by the semi-classical Marcus equation,
which is given by:
ket =
2π jV j2
ħ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4πkBT
p exp − ΔG + λð Þ2 = 4λkBT
n o
ð1Þwhere, ket is the temperature dependent rate, ΔG is the free energy
difference between the donor and acceptor pair, λ is the reorganiza-
tion energy, and V is the electronic tunneling matrix element
between the donor and acceptor pair [70]. The exponential term,
the Frank Condon factor, deﬁnes a parabola. As −ΔG increases, the
rate of electron transfer increases; it attains a maximum value when
−ΔG=λ; and as−ΔG increases further, the rate of electron transfer
decreases. The pre-exponential term, the electronic coupling element
V, falls exponentially with edge-to-edge distance between the donor
and the acceptor pair. Dutton and Moser [71,72,77–79] proposed a
simpliﬁed empirical version of Eq. (1) for electron transfer in
proteins:
log10 ket = 15− 0:6R − 3:1 ΔG + λð Þ2 = λ ð2Þ
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acceptor pair. A more complete treatment takes into account the
different packing densities, ρ, of atoms within the matrix:
log10 ket = 13− 1:2− 0:8ρð Þ R − 3:6ð Þ− 3:1 ΔG + λð Þ2 = λ ð3Þ
It should be noted that temperature dependence is incorporated
into the numerical constants in Eqs. (2) and (3) [71,72,78]. The
edge-to-edge distance between cofactors is supplied by the X-ray
crystal structure, and the reorganization energy is usually assumed
to be 0.7 eV in proteins (however, see [80] for a discussion of
alternative values). The Gibbs free energy change between donor
and acceptor pairs, however, must either be calculated or deter-
mined experimentally.
2.2. Theoretical and experimental determination of the redox potentials
of A1A and A1B
PS I is designed to use light to generate a mild oxidant and a low
potential reductant. As a consequence, the phylloquinones in the A1A
and A1B binding sites and the iron–sulfur clusters in the FX, FA and FB
binding sites need to operate at some of the most negative redox
potentials in biology. Historically, three approaches have been
employed to measure the midpoint potential of an electron transfer
cofactor in PS I. The ﬁrst is to carry out a direct measurement by
poising the solution at a given potential in the presence of mediators
and measuring the amount of the oxidized or reduced cofactor by
optical spectroscopy (usually at room temperature) or by EPR
spectroscopy (usually at low temperature). The midpoint potential
is the solution potential at which one-half of the cofactor is oxidized
and the other half is reduced. A second method is to assume quasi-
equilibrium between different states of the PS I cofactors and to
calculate the time evolution of these states by solving a series of linear
differential equations that describe the ﬂash-induced transitions
between the states [81,82]. From the equilibrium constant the
difference in Gibbs free energy can be calculated. If the absolute
value of the midpoint potential of one of the cofactors is known, the
midpoint potential of the other can be calculated. A third method is
based on the electrostatic continuum model and involves solving the
linearized Poisson–Boltzmann equation based on the 2.5 Å X-ray
crystal structure of cyanobacterial PS I [83]. To obtain a value for the
midpoint potential, the electrostatic energy difference is calculated
between the redox states of the cofactor in the protein and in a
reference model system. The shift in the midpoint potential relative to
the reference system is added to the experimental value in the
reference system to obtain the absolute potential in the protein. An
internal dielectric is assigned, and the midpoint potentials are
determined from the Nernst equation. None of the methods are
without complications and all require judicious attention to detail.
One potential pitfall is the relationship between the midpoint
potential of a redox cofactor measured in organic solvent and the
equivalent potential in aqueous solution. The correction for the
midpoint potential measured using the standard calomel electrode
(SCE) in dimethyl formamide (DMF) to the midpoint potential in
water (NHE) is the sum of +240 mV (which takes into account the
difference in midpoint potential between SCE and NHE in water) and
−340 mV (which takes into account the difference between the
midpoint potential of the SCE in DMF and water). A more reliable
method would be to relate midpoint potentials determined in DMF
and in water to ferrocene. This molecule is widely assumed to have a
midpoint potential independent of the solvent; according to Ref. [84],
the midpoint potential differs in the two solvents by (only) +30 mV.
An additional method to measure the redox potential of cofactors
includes the use of thin ﬁlm voltammetry [85]. Here, the protein,
suspended in lipid bilayers, is applied as a monolayer on the electrode
surface to allow for direct exchange of electrons between the proteinand the electrode without the use of electron transfer mediators. A
direct measure of redox potential of the cofactor within the PS I–lipid
complex is obtained from the reversible voltametric oxidation–
reduction peaks. Protein–lipid interactions and electrode double
layer effects however, appear to inﬂuence the measurement, which
in the case of PS I, returns values considerably more oxidizing for the
quinone and iron–sulfur clusters than estimated by other methods
[85].
Finally, when discussing the methodology employed in estimating
midpoint potentials, it is important to note that equilibrium titrations
and functional analysis do not probe the same state of redox cofactors
and therefore yield different results. The distinction between these
two methods is critical, and care must be takenwhile using the values
reported in literature. Two types of phenomena may be responsible
for this difference. One is derived from the distinct time domain
involved in equilibrium redox titration and functional analysis.
Whereas a redox titration requires thermodynamic equilibrium
between the sample and the solution at a given potential, a functional
analysis allows transient states to be probed whose free energy may
differ signiﬁcantly from that of the equilibrium states. The values
obtained from the former represent the equilibrium midpoint
potential while the latter provide the operating potential. An
alternative but non-exclusive explanation is that the different
midpoint potentials provided by redox titration and functional
analysis rely on the fact that during a redox titration, all the cofactors
undergo an identical charge change in terms of sign (i.e. all are either
reduced or oxidized), whereas in a functional analysis, the two
cofactors involved in electron transfer will undergo charge changes of
opposite sign (one will be oxidized as the other is reduced).
Consequently, if the electrostatic interaction between the two is
signiﬁcant, the difference between their equilibrium midpoint
potentials will be greater than the free energy change associated
with an electron transfer reaction.
We beginwith an examination of the thermodynamic properties of
FX. Direct measurement of the midpoint potential of FX is a more
difﬁcult undertaking than that of FA and FB because it is near the
reducing limit that can be achieved in solution at reasonable pH values
(the 2H++2e−→H2 half cell couple ultimately places a limit on the
solution potential that can be achieved at a given pH). Nonetheless, by
poising a solution containing a cocktail of redox mediators at high pH
values, a midpoint potential of −705 mV was determined by
measuring the dark, low temperature EPR spectrum of FX− [64,86],
and a midpoint potential of−730 mV was estimated from the loss of
the reversible light-induced low temperature EPR signal of P700+ [87].
Because the former method resulted in a greater degree of reduction
of FX than was obtained in the latter, we consider its value to be more
reliable. In both instances, FA and FB were reduced, making the
estimated midpoint potential of FX more reducing than expected due
to the electrostatic effect of the two nearby reduced iron–sulfur
clusters. To overcome this problem, the midpoint potential of FX was
determined in P700-FX cores (which lack FA and FB) as well as in native
PS I complexes by measuring the amplitude of the P700+ FX− charge-
separated state as a function of solution potential using time-resolved
optical spectroscopy [65]. Values of −670 mV and −610 mV were
measured in the presence of reduced FA and FB, and in the absence of
FA and FB, respectively. The difference of +60 mV can be attributed to
either the effect of the electrostatic charges on FA− and FB−, which in PS
I complexes would be expected to drive the midpoint potential of FX
more negative, or to a change in the dielectric environment of FX in
the absence of PsaC, which in P700-FX cores would be expected to
drive the midpoint potential of FX more positive [88], or to a
combination of the two effects. Ishikita et al. [89] addressed this
issue directly by calculating the inﬂuence of the loss of PsaC on the
midpoint potential of FX. By evaluating the electrostatic energies
from the solution of the Poisson–Boltzmann equation, the removal
of PsaC was found to shift the redox potential of FX by +42 mV, a
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midpoint potential of FX between native PS I complexes (with FA/FB
reduced) and P700-FX cores. It is not entirely clear why the midpoint
potential of FX in PS I complexes determined by room temperature
optical spectroscopy and by low temperature EPR spectroscopy
differ by as much as 35 mV. The discrepancy may arise from the
dielectric constant of the aqueous medium being different at room
temperature or from the temperature dependence of the midpoint
potential or from the presence of P700+ in the room temperature ﬂash
experiment. Another method to determine the midpoint potential of
FX involves solving a series of differential equations that utilize the
observed kinetics of room temperature P700+ reduction [90]. This
indirect approach has yielded a value of 47 for the equilibrium
constant between FX and FA, which translates to a 99 mV difference
between their midpoint potentials. If a consensus midpoint
potential of −530 mV is assigned to FA (an average of the
similarly-determined experimental values of −510 mV2 [92,93],
−530 mV [94], −550 mV [95], and −553 mV [96]), then the
midpoint potential of FX would be −629 mV.3 This value is nearly
equal to the midpoint potential of FX determined experimentally by
redox titration in the absence of PsaC [65]. For the purpose of
discussion, we will assign a consensus midpoint potential of
−688 mV for FX (an average of −670 and −705 mV) in the
presence of reduced FA and FB and −620 mV for FX (an average of
−610 mV and −629 mV) in the absence of PsaC.
The midpoint potentials of A1A and A1B are more difﬁcult to assess,
and therefore the range of estimated values is larger than that of FX.
The direct titration of the phylloquinone/phyllosemiquinone couple
in the A1A and A1B sites are complicated not only by the fact that the
potentials are very highly reducing but also because the midpoint
potential of the second electron reduction step (accompanied by
protonation) to the hydroquinone is higher (i.e. more oxidizing) than
that of the ﬁrst electron reduction step to the semiquinone. As a
consequence, measurement of the ﬁrst electron reduction of isolated
quinones must be carried out in a non-protic solvent, else protonation
will open a channel for the two-electron phylloquinone/phyllohy-
droquinone redox couple. Most determinations of the midpoint
potentials of A1A and A1B are carried out indirectly. Before it was
known that two phylloquinones were redox-active in PS I, Vos and
Van Gorkom [97] described the inﬂuence of an electric ﬁeld on the
individual electron transfer rate constants and compared the experi-
mental curves of PS I electroluminescence with those from simula-
tions. A midpoint potential of −810 mV was thereby estimated for
‘A1’. Iwaki et al. [98] incorporated the concept of solvent acceptor
number [98,99] to derive an empirical formula that relates the
midpoint potential of a quinone in the ‘A1’ site of PS I (Em) to that in
DMF (E1/2):
Em + 700mV = 0:69 E1=2 + 387mV
 
ð4Þ
By employing a value of −497 mV (vs. NHE) for the midpoint
potential of 2,3-dimethylnaphthoquinone (a molecule structurally
similar to phylloquinone) in DMF, a midpoint potential of −778 mV
was estimated for phylloquinone in the ‘A1’ site. The shift of−281 mV
was attributed to the inﬂuence of the protein environment. The
major insight gained from this work was that to attain such low
midpoint potentials, the ‘A1’ binding site must be in a low
dielectric environment so as to destabilize the phyllosemiquinone
radical ion relative to the ground state. It has been pointed out
[84,100] that the measurement of the midpoint potentials of the
cited reference quinone, 2,3-dimethylnaphthoquinone, did not2 An anomalously high value of − 465 mV determined optically for the midpoint
potential of FA [91] was not included in the average.
3 Please note that value for the midpoint potential of FX in the absence of PsaC was
erroneously stated in Ref. [90] as − 670 mV rather than − 610 mV.incorporate a correction for the liquid junction potential between
water and DMF. Liquid junction potential is a result of the
difference in solvation energy between water and DMF that causes
an unequal distribution of anions and cations between the two
phases.
An indirect approach to estimate the midpoint potential of ‘A1’
involvesmathematicallymodeling the forward and backward electron
transfer reactions in PS I complexes that contain a native and reduced
set of electron acceptors. By using a quasi-equilibrium approach and
rate constants derived from P700-FA/FB complexes, P700-FX cores
(stripped of PsaC) and P700-A1 cores (stripped of FX), Shinkarev et al.
[101] calculated a 205 mV free energy gap between ‘A1’ and FA. If a
consensus midpoint potential −530 mV is assigned to FA, the
midpoint potential of ‘A1’ would be −735 mV. It should be noted
that the above studies were carried out before it was known that both
phylloquinones were active in electron transfer. With the knowledge
of the 2.5 Å X-ray crystal structure of PS I, Santabarbara et al. [58]
employed a similar quasi-equilibrium approach to calculate the
electron transfer reactions in PS I, but with the added provisions of
incorporating both a bidirectional scheme and Marcus theory in the
model. The midpoint potential of FX was calculated to be −680 mV,
which is within 10 mV of the consensus midpoint potential of
−688 mV determined experimentally. The midpoint potentials of A1B
and A1A were calculated to be −696 mV and−671 mV, respectively.
In this formulation, electron transfer from A1A to FX would be
endothermic by 9 mV and electron transfer from A1B to FX would be
exothermic by 16 mV. Ishikita and Knapp [83] had earlier calculated
the midpoint potentials of the A1A and A1B quinones by evaluating the
electrostatic energies from the solution of the Poisson–Boltzmann
equation. Usually the incorporation of water molecules leads to no
improvement in the calculated values because their inﬂuence is
considered implicitly in the high dielectric constant used for the
modeled cavities [83]. In the case of PS I, the A1A and A1B binding sites
are both unusually close to a cluster of 5 and 6 H-bonded water
molecules, respectively. When the waters were not included in the
calculation, the midpoint potentials of A1A and A1B were calculated to
be−438 mV and−604 mV, and when all of the waters are included,
the values were −639 mV and −776 mV, respectively. When (only)
water-37 was included in the calculation, the midpoint potentials of
A1A and A1B were−531 mV and−686 mV, respectively. Ishikita et al.
[83] preferred to use midpoint potentials calculated for A1A and A1B
when (only) water-37 was included because these calculated values
most closely matched the experimental values. Probably the most
valuable result of this study is that the midpoint potential of A1B was
found to be 137 mV to 166 mV more reducing than A1A (the value
depends on the number of water molecules included in the
calculation), a much larger difference than the 25 mV difference
calculated in Ref. [58]. More recently, Ptushenko et al. [84]
incorporated two novel elements in carrying out calculations to
obtain the midpoint potentials of all of the electron transfer cofactors
in PS I. The ﬁrst was the use of the optical dielectric permittivity to
calculate the pre-existing ﬁeld induced by permanent charges. The
second was the use of a heterogeneous distribution of static dielectric
constants, which were derived from prior electrometric measure-
ments [102,103]. The PS I complex was divided into ﬁve planar layers,
each with discrete dielectric constants, parallel to the membrane. This
approach accounts for the difference in the intra-protein electric ﬁeld
induced by permanent charges. Taking into account the correction for
the liquid junction potential, the midpoint potentials of A1B and A1A
were calculated to be−844mV and−671mV, a difference of 173mV.
The operating midpoint potential of FX was calculated to be−585 mV
while the equilibrium midpoint potential of FX was calculated to be
−654 mV. Using these values, electron transfer from A1B to FX would
be strongly favorable and electron transfer from A1A to FX would be
(barely) favorable. It should be noted that the calculated values for the
equilibriummidpoint potential of FX are ∼35 mVmore oxidizing than
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ence in the calculated midpoint potentials of A1A of A1B is well in line
with the 137 mV to 166 mV difference calculated by Ishikita et al. [83].
What is particularly noteworthy about this work is that the 173 mV
energy gap between A1A and A1B corresponds to a 28-fold faster rate of
electron transfer from A1B to FX than from A1A to FX. This agrees quite
well with the experimentally determined ratio of the rates of fast to
slow electron transfer in Synechocystis sp. PCC 6803 attributed to the
A1B to FX and A1A to FX electron transfer steps, respectively [104].
In summary, all of the theoretical and experimental methodologies
are in agreement that the A1B to FX electron transfer step is
thermodynamically favorable. There is more uncertainty about the
A1A to FX electron transfer step, which in most determinations is
mildly unfavorable. The consequence of an uphill electron transfer
step from A1A to FX is that as the temperature is lowered, the amount
of thermal energy available ultimately becomes insufﬁcient to span
the Gibbs free energy gap. At this temperature, A1A− to FX electron
transfer would be expected to cease while A1B− to FX electron transfer
would remain unaffected. Schlodder et al. [80] showed that below the
glass transition temperature of a water/glycerol mixture, illumination
of PS I complexes from T. elongatus results in irreversible charge
separation between P700 and FA/FB in ∼35% of PS I complexes, whereas
in ∼45% of the complexes, the electron cycles between P700 and A1,
and in the remaining∼20%, it cycles between P700 and FX. Heathcote et
al. [58] proposed that the irreversible fraction represents the
thermodynamically favorable electron transfer step from A1B− to FX
and that the reversible fraction is a consequence of the thermo-
dynamically unfavorable step from A1A− to FX. This correlates quitewell
with experimental measurements, which show a thermally activated
slow kinetic phase of electron transfer from A1A to FX with a lifetime of
∼200 ns and an activation energy of 110 mV, and a (nearly) non-
activated fast kinetic phase of electron transfer from A1B− to FX with a
lifetime of ∼10 ns and an activation energy of, at most, 15 mV [104].
2.3. Inﬂuence of the protein on the redox potentials of A1A and A1B
Just what are the protein determinants that cause these seemingly
large differences in the midpoint potentials of the phylloquinones in
the A- and B-branches? According to the electrostatic calculations
carried out by Ishikita and Knapp [83], the most signiﬁcant factor in
conferring the extremely low midpoint potential of the A1A and A1B
quinones is the inﬂuence of the formal −2 charge on the FX cluster,
which lowers A1B by−256 mV and A1A by−237 mV. The formal−2
charges on the FA and FB clusters also lower the midpoint potentials of
A1B and A1A but by smaller amounts of −59 mV and −50 mV,
respectively. W697PsaA and W677PsaB, which are π-stacked with A1A
and A1B are calculated to contribute−27mV to themidpoint potential
of the respective quinone. The latter value is signiﬁcantly less than the
contribution of −50 to −150 mV determined by quantum chemical
calculations [105]. This discrepancy is a possible result of computa-
tional constraints that limit the calculation in the latter case to the
phylloquinone, the π-stacked Trp residue and the backbone NH from
the Leu residue that contributes the H-bond to the quinone.
Although the above factors inﬂuence the redox potential of A1A
and A1B, they do not account for the asymmetry in the calculated
values. The large calculated difference between the redox potentials
of A1A and A1B is attributed mainly to two factors: the protein
backbone, particularly S692PsaA and S572PsaB, and the side chain of
D575PsaB. D575PsaB is much closer to A1A than to A1B, and it was
proposed that its protonation state is strongly coupled to the
reduction of A1A (its symmetry counterpart Q588PsaA is neutral and
non-titratable). This is understandable since reduction of A1 has
been shown to induce long range electrostatic interactions that
perturb cofactors such as A0 [106]. Under fully ionizing conditions,
D575PsaB and Q588PsaA drive the redox potential more negative (i.e.
more reducing) by identical amounts: −154 mV for A1B and−192 mV for A1A. However, when the A1A phylloquinone is 50%
reduced, the protonation state of (only) D575PsaB changes, thereby
driving the midpoint potential of A1A +82 mV more positive (i.e.
more oxidizing) than A1B. The net result is that the A1B phylloqui-
none is calculated to be much more reducing than the A1A
phylloquinone, a conclusion supported most recently by the
calculations of Ptushenko et al. [84]. It should be noted that the
stabilization provided by the protonation event should only be taken
into account if the electrostatically induced protonation is fast
enough to occur within the lifetime of the phyllosemiquinone
radical. Whether this indeed happens operationally is difﬁcult to
determine. An experimental strategy to verify the calculated values
has proven problematic. The inﬂuence of FX is difﬁcult to assess
experimentally because its removal causes the electron to cycle
between P700 and both A1A and A1B. This leads to the cessation of
forward electron transfer and hence any thermodynamic information
that can be inferred by interpreting rates is lost. The removal of FA
and FB results in no changes in forward electron transfer kinetics
from A1A to FX when measured by transient EPR spectroscopy [107],
although the calculated +42 mV change [89] is sufﬁciently large that
a slower rate of forward electron transfer from A1A− should have been
noticed. In a recent study using time-resolved optical spectroscopy
[108], the psaC deletion mutant indicated a slight increase in the rate
of forward electron transfer from A1 to FX. Replacing the extrinsic
subunits by water molecules is believed to increase the dielectric
constant and therefore the reorganization energy, resulting in the
observed increase in rate. The discrepancy between the EPR and the
optical studies could arise from the method used in the removal of
the FA/FB clusters. The inﬂuence of S692PsaA and S572PsaB (which
induces a 65 mV difference between A1A and A1B) is difﬁcult to
assess because the protein backbone is involved. Replacing the Ser
residue with Cys in Synechocystis sp. PCC 6803 [109,110] and with Ala
in Chlamydomonas reinhardtii [25] in the PsaA subunit resulted in a
slowing of the slow phase while the fast phase remained unchanged.
Respective mutations in the PsaB subunit produced a converse effect,
albeit to a lesser extent. This mutation is expected to alter the H-
bond strength to the W697PsaA/W677PsaB residue, thereby indirectly
affecting π–π interaction between the Trp residue and the quinone.
Indeed, a structural perturbation in the form of an altered hfc was
observed for the PsaA variant in both Synechocystis sp. PCC 6803
[110] and C. reinhardtii [25]. The effect, though signiﬁcant (a ∼5%
decrease), was opposite to that expected for a slowing of the slow
phase. The inﬂuence of the carboxylate side chain of D575PsaB, which
has a very large effect on driving the redox potential of both A1A and
A1B phylloquinones highly negative, is open to experimental
veriﬁcation. Karyagina et al. [111] undertook the task of measuring
the rate of oxidation of A1A− by transient EPR and by time-resolved
optical spectroscopy after D575PsaB was changed from a negatively
charged residue to a neutral Ala and to a positively charged Lys.
Surprisingly, the rate of electron transfer from A1A− to FX was found to
decrease only slightly according to the sequence AspbAlabLys [111].
Although the direction of the change was in agreement with theory,
the magnitude of the change was very much smaller than expected.
However, D575PsaB is also close to the FX cluster and therefore
inﬂuences its redox potential. Electrostatic calculations show that in
the D575APsaB variant, the midpoint potentials of A1A, A1B and FX are
nearly equally shifted by +120 and +136 and +123 mV, respec-
tively; in the D575KPsaB variant, the midpoint potentials of A1A, A1B
and FX are nearly equally shifted by+125 and+144 and+132mV,
respectively. Thus, the difference in Gibbs free energy between the A1A
and FX and between the A1B and FX redox pairs is not signiﬁcantly
different than in wild-type PS I. The lesson here is that any change in
the identity of any given amino acid should be expected to shift the
midpoint potentials of all nearby cofactors. Because electron transfer
rates are a function of the difference in midpoint potentials of the
redox partners, the observed effects can be surprisingly small. These
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mental strategy, and highlight the potential pitfalls as well as the
promise of using mutagenesis to uncover the roles of single amino
acids in PS I.
3. Spectroscopic methods to study electron transfer along the A1A
and A1B phylloquinones
The prime purpose behind efforts to obtain more reﬁned
spectroscopic and local structural data of cofactor binding sites is
a better understanding of how structure and magnetic interaction
properties relate to functional properties of the relevant biological
cofactor. The phylloquinones in the A1A and A1B sites are difﬁcult to
distinguish spectroscopically because they exist in near-equivalent
environments. Nevertheless, advances in time-resolved optical
spectroscopy and EPR spectroscopy, combined with site-directed
mutagenesis techniques, have led to the identiﬁcation of markers for
the A1A and A1B phylloquinones. The premise of the assignments is
that alteration of the identity of the quinone and/or the protein
environment should affect the thermodynamic properties of the
phylloquinone/phyllosemiquinone redox pair and thereby result in a
change in the rate of forward electron transfer kinetics to FX.
Detailed knowledge of the rates of electron transfer to and from the
A1A and A1B quinones, as well as distances and relative orientations
of the P700+ A1A− and P700+ A1B− radical pairs, has resulted from these
advances. We ﬁrst consider advances made by time-resolved optical
spectroscopy before we turn to magnetic resonance techniques.
3.1. Time-resolved optical spectroscopic detection of A1A
− and A1B
−
oxidation
The kinetics of ‘A1−’ oxidation can be measured optically by the
ﬂash-induced absorbance change at 380 nm, a wavelength at which
the difference between oxidized phylloquinone and the phyllosemi-
quionone anion shows maximum change [112]. The kinetics of ‘A1−’
oxidation was initially reported to occur with a half-time of 15 ns in
spinach chloroplasts [112] and 200 ns in cyanobacterial PS I complexes
[113]. The difference in half-times was initially troubling, but it was
soon found that the oxidation of ‘A1−’ was biphasic in both PS I from
spinach, with half-times of 25 ns and 150 ns [114], and in PS I from
Synechocystis sp. PCC 6803, with half-times of 7 ns and 190 ns [115].
One early observation was that when PS I from spinach was isolated
using strong non-ionic detergents such as Triton X-100, the ratio of
fast to slow kinetic phases was 65:35, whereas when PS I was isolated
using weak non-ionic detergents (or by differential centrifugation of
fragments of the stroma lamellae), the ratio of fast to slow kinetic
phases was 30:70. It thus appeared that the fast kinetic phase was a
detergent-generated artifact (an alternative explanation will be
expanded later in Section 4.2.5.). One major advance in the ﬁeld of
time-resolved optical spectroscopy has been the development of
sensitive pump-probe techniques that were ﬁrst restricted by
ﬂashlamp technology to microsecond events but more recently were
adapted to nanosecond events with the use of two synchronized lasers
[116]. Among the advantages of this technique over conventional
time-resolved spectroscopy are that turbid samples, i.e. whole cells,
are readily studied. In one notable application, when pump-probe
spectroscopy was carried out on whole cells from a PS II-deﬁcient
mutant of Chlorella sorokiniana, the oxidation of ‘A1−’was shown to be
inherently biphasic, with half-times of 18 ns and 160 ns [117]. This
showed conclusively that the two kinetic phases of phylloquinone
oxidation were inherent to PS I, and not due to damage incurred
during mechanical processing or detergent enrichment. The biphasic
oxidation of the phylloquinone anion was initially interpreted as a
result of a low equilibrium constant between A1 and FX, such that the
fast phase represents redox equilibrium between A1 and FX and the
slow phase represents the decay of the quasi-equilibrium stateassociated with the FX to FA/FB electron transfer step [114]. Based on
the presence of the slow component upon removal of FA/FB [118] and
the absence of effect of membrane potential on the relative amplitude
of A1− oxidation, Joliot and Joliot [117] proposed that the presence of
two kinetic phases was due either to electron transfer through a single
branch that exists in two conformational states, or to electron transfer
through the two branches with inherently different thermodynamic
and kinetic properties. We shall discuss evidence for the latter in
Section 4.2.2 when we describe mutants surrounding the A1A and A1B
sites.
3.2. Static photoaccumulation of EPR-detected A1A
− and A1B
− radicals
One method to generate static A1A− and A1B− radicals is to employ a
technique termed photoaccumulation. In this protocol, the FA and FB
clusters are chemically reduced and light is used to generate, in turn,
the FX−, A1A− and A1B− states at pre-selected temperatures and pH values.
Success in achieving a given state depends on multiple light-induced
turnovers, rapid electron donation to P700+ , and the different statistics
of charge recombination vs. forward electron donation to slowly
accumulate the desired reduced acceptor set. It was through this
technique that the early acceptors A0 and A1 were identiﬁed by their
different charge recombination rates under increasingly stringent
photoaccumulation protocols [119,120]. Although there was initial
uncertainty over the identity of ‘A1−’, CW EPR experiments showed
that after illuminating a chemically reduced PS I sample at 200 K (or
during freezing), a stable radical could be trapped with a g-value of
2.0037 and a linewidth of 14 G [121], all consistent with the presence
of a semiquinone radical [122,123]. This assignment was initially
challenged [124–126]. However, the loss of the radical after extraction
with diethyl ether [127,128], and the narrowing of the radical after
reconstitution with deuterated phylloquinone (as well as the broad-
ening of the radical upon subsequent exchange with protonated
phylloquinone [129]) strongly supported its assignment as a semi-
quinone anion radical. A follow-up time-resolved optical study
indicated that ‘A1’ can be doubly reduced [130], and that under
these conditions the A1− radical cannot be generated [131], thereby
putting to rest any further doubt about its identity as a quinone. The
early structural models built on the 6 Å [132], 4.5 Å [133], and 4 Å
[134–136] resolution electron density maps of cyanobacterial PS I did
not have sufﬁcient resolution to locate the two phylloquinones. Their
location, orientation, and a few details of the protein environment
were instead derived from EPR studies on both photoaccumulated A1−
and the P700+ A1− radical pair [137–143]. The orientation dependence of
the photoaccumulated ‘A1−’ radical in oriented multilayers showed
that the phylloquinone ring was almost perpendicular to the
membrane, while the oxygen–oxygen (O–O) axis of the quinone
makes an approximate 63° angle to the membrane plane [144].
Although the orientation of the ring plane is similar, the orientation of
the (O–O) axis is considerably different from the equivalent angle
determined for QA in the bacterial reaction center. ESEEM experiments
on the photoaccumulated ‘A1−’ radical showed two nitrogen nuclei
coupled to the semiquinone, one of whichwas tentatively identiﬁed as
a Trp residue [143]. These groundbreaking studies demonstrated that
EPR is a tool that stands alongside X-ray crystallography and NMR
spectroscopy in its ability to reveal highly detailed structural
information about the environment of electron transfer cofactors.
Even more to the point, EPR is a complementary technique, as it
probes the properties of the excited (radical) state, whereas X-ray
crystallography and NMR, under most conditions, map the properties
of the ground state.
Chemical reduction of PS I with sodium hydrosulﬁte at pH 8
followed by brief illumination at 205 K has been shown to fully reduce
FA/FB, partly reduce FX, and somewhat reduce A1 [61]. Longer periods
of illumination result in the complete reduction of FX, ultimately
generating one spin from ‘A1−’ per P700 [61]. Under these conditions
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10.2 MHz in PS I of Anabena variabilis and spinach, respectively, due to
the –CH3 fragment at C2 of the phyllosemiquinone radical (see Fig. 3).
These values are signiﬁcantly different from the Aiso=7.9 MHz of the
phylloquinone anion radical in alkaline methanol [145], and are due to
the unusually high spin density on C2 of the PS I-bound phyllosemi-
quinone. This high spin density comes about from the presence of a H-
bond to the carbonyl group ortho to the –CH3 fragment (see Section
4.2.1). Additional hyperﬁne couplings were reported that were
assigned to a second H-bond to the other oxygen of phylloquinone,
although to account for the highest electron spin density on C2, the
relative strengths of the two H-bonds would need to be signiﬁcantly
different [145–147]. It should be noted that the presence of a second
H-bond is not supported by transient EPR studies, which implicate
only a single H-bond to (what was later identiﬁed as) the A1A quinone
(see Section 4.2.1). Studies on the W693PsaA mutant of C. reinhardtii
showed an alteration of the electronic structure of the photoaccumu-
lated ‘A1−’ radical, suggesting that the signal is derived from A1A− , i.e.,
from electron transfer along the A-branch of cofactors [147]. A second
electron spin identiﬁed as ‘A0−’ was generated by photoaccumulating
PS I at the slightly higher temperatures of 220 to 240 K [60,131,144]. It
was reported that it is possible to photoacuumulate a total of four
spins by chemically reducing PS I with sodium hydrosulﬁte at pH 10
and subsequently illuminating the sample at 220 K [60,131] (although
this result has been recently challenged on theoretical grounds [24]).
Additional hyperﬁne couplings were generated under these condi-
tions, and a difference ENDOR spectrumwas extracted by subtracting
the two-spin ENDOR spectrum from the three-to-four spin ENDOR
spectrum. The anisotropy of the methyl group hyperﬁne couplings
suggested that the resonances from the difference ENDOR spectrum
could be assigned to a phyllosemiquinone radical. Because these
additional spins were, by default, due to electron transfer along the B-
branch of cofactors, the phylloquinone photoaccumulated under these
conditions was assigned to A1B. Further, the resonances were
unperturbed by changes made to A-branch cofactors such as
replacing W693PsaA with a Phe, thereby supporting its assignment
as A1B. Two hyperﬁne couplings were additionally reported for A1A−
and for A1B− , and interpreted as evidence for the presence of two H-
bonds, one each to each of the oxygens of each phylloquinone [60].
However, it should be pointed out that these experiments were
carried out at X-band, where it can be difﬁcult to distinguish between
a semiquinone radical and a Chl radical. This note of caution is
warranted from work carried out at Q-band, where the g-tensor
resolution of the phyllosemiquinone radical is markedly better. Using
deuterated phylloquinones in a background of protonated PS I, the
hyperﬁne coupling tensor associated with only a single H-bond could
be identiﬁed in the pulsed Q-band ENDOR spectrum of A1A− [148]. The
magnitude of the measured dipolar tensor corresponded to an
unusually short H-bond, which could be estimated from the point-
dipole approximation as 1.5±0.1 Å. The implication is that the
resonance attributed to the second H-bond to A1A may have been
derived instead from a proton associated with A0−, the formation of
which cannot be avoided to some degree in the photoaccumulation
procedure, instead of from a second H-bond to A1A− .
A variation on the photoaccumulation technique involves
measuring the decay of the ﬂash-induced P700+ A1− radical pair
using ESE spectroscopy. The echo signal of a normal doublet radical
in a typical two-pulse experiment is detected with a microwave
pulse perpendicular to that of the microwave ﬁeld B1 applied
during the initial pulse. In contrast, the normal echo signal of a
spin correlated radical pair disappears and a characteristic out-of-
phase echo is observed for the perpendicular detection phase [149].
Additionally, because the modulation of the out-of-phase echo is
governed by the exchange (J) and dipolar (D) coupling between
the two-electron spins, the distances between them can be
obtained. Thurnauer et al. ﬁrst noticed the phase shift in theout-of-phase signal channel of an ESE experiment [150] that
decayed with a time constant of 23 μs at cryogenic temperatures
[151]. Thurnauer and Norris [152] attributed this signal to the loss
of interaction of P700+ with A1− between the 90° and 180° pulses.
This loss would change the Larmor frequency of P700+ and result in
a phase shift of the echo. In principle, this signal could be assigned
to P700+ A1− recombination or it could be assigned to the loss of the
spin correlation of the P700+ A1− radical pair. Because the time
constant is similar to the rate of optically detected P700+ A1− recom-
bination [153,154], it likely represents the former. It is now well-
established that at low temperatures a signiﬁcant fraction of PS I
complexes form the irreversible P700+ [FA/FB]− charge-separated
state and the remaining fraction cycle between P700+ and A1− [80].
The 23 μs decay of the out-of-phase electron spin echo is derived
from the fraction of reaction centers that undergo cycling between
P700 and A1 [151]. When the photoaccumulation protocol was
carried out brieﬂy at 205 K under highly reducing conditions, the
decay of the out-of-phase signal became biphasic with lifetimes of
27 μs and 2.4 μs [61]. The relative amount of the 2.4 μs component
increased with illumination time because these are the conditions
that lead to the reduction of FX as well as FA and FB. The new,
faster component is likely to be derived from the fraction of PS I
centers that would have undergone irreversible charge separation
between P700 and FA/FB, but are now forced to cycle between P700
and A1. The implication is that if the 27 μs component represents
the decay of the P700+ A1A− radical pair, the 2.4 μs component
represents the decay of the P700+ A1B− radical pair, the latter possibly
by loss of spin correlation. These assignments are supported by a
study in which the Met axial ligands to the A0A and A0B primary
electron acceptors were replaced with His or Leu. In the M684HPsaA
variant, the photoaccumulation of A1A did not occur, and the out-
of-phase echo could not be detected at 100 K. However, when the
sample is photoaccumulated under highly reducing conditions, the
2.6 μs decay of the out-of-phase echo assigned to A1B− was
observed. Conversely, in the case of the M664HPsaB variant, electron
transfer to A1B does not occur, and the 23 μs decay of the out-of-
phase echo assigned to A1A− could be detected. These experiments
showed that both A1A and A1B can be reduced with light, thereby
indicating that under these stringent conditions, the A- and B-
branches of cofactors both function in electron transfer.
Further structural details were revealed when electron transfer on
a particular branch was suppressed in the M684HPsaA and M664HPsaB
variants. The dipolar coupling parameter, D, was obtained on the
active branch in the two variants [57], and from it, a distance of
24.27 Å between P700+ and A1B− was deduced, and distances of 25.35/
25.44 Å (FX oxidized/reduced) between P700+ and A1A− were deduced
[57]. Because the spin on P700+ is localized on the PsaB-ligated Chl a,
the spin-to-spin distance from P700+ to A1A− and to A1B− will be different.
When measured from the 2.5 Å X-ray crystal structure, the distance
from the central Mg2+ of Chl a of P700 and the center of the axis
containing the two oxygen atoms in the A1B quinone is 24.5 Å, and the
distance from the central Mg2+ of Chl a of P700 and the center of the
axis containing the two oxygen atoms in the A1A quinone is 26.0 Å
[33,34]. Similar distance relationships were found in PS I from Spi-
naceae oleracea, C. reinhardtii, and Synechocystis sp. PCC 6803 [55],
indicating that under the photoaccumulation conditions employed
(i.e. illumination at 220 K at pH 10.0 in the presence of sodium
dithionite to reduce FX, FB and FA), A1B as well as A1A and can be
reduced by illumination [60]. Thus, the phylloquinones in the A1A and
A1B sites are capable of accepting electrons, although the relative
amounts cannot be determined using this technique. While these
experiments demonstrated conclusively that A1A− and A1B− can be
generated below the glass transition temperature, the question of
what constitutes the structural and functional properties of the A- and
B-side cofactors at room temperature (i.e. under physiologically-
relevant conditions) remains to be addressed. For this, we turn to the
1067N. Srinivasan, J.H. Golbeck / Biochimica et Biophysica Acta 1787 (2009) 1057–1088use of transient EPR spectroscopy, which is capable of measuring
forward electron transfer from A1A− to FX at room as well as at
cryogenic temperatures.
3.3. Dynamic transient EPR detection of the spin correlated P700
+ A1A
−
radical pair
The consecutively generated P700+ A0A−→P700+ A1A−→P700+ FX− radical
pairs (or P700+ A0B−→P700+ A1B−→P700+ FX− radical pairs) are said to be
‘spin correlated’ (or using the language of physics are ‘spin entangled’
[155]). These spin correlated radical pairs are of value to both
experimentalist and theoretician because their magnetic interactions
allow for the direct detection of electron transfer intermediates as
well as for the observation of spin dynamics between the donor and
acceptor pairs. One particularly important feature is that because this
is a light-induced process born from a singlet state, a spin correlated
radical pair deviates greatly from a thermally populated Boltzmann
distribution. Transient EPR spectroscopy is the method of choice to
observe these spin correlated radical pairs [156]. It is primarily a CW
technique (the microwave ﬁeld remains ‘on’ during the entire data
collection) in which a 2-D data set of magnetic ﬁeld and time
dependence is recorded after a laser ﬂash (Fig. 5). Slices along the
magnetic ﬁeld axis provide the spectrum at any given time, and slices
along the time axes provide kinetic information at any given
magnetic ﬁeld. Accurate structural information such as precise
distances and angles between the magnetic axes of the spin
correlated radical pairs as well as dynamic information, such as
(inferred) electron transfer rates can be obtained from these spectra
[156]. One drawback to the technique is that the time window ofFig. 5. A typical transient EPR spectrum (top). The ﬁeld dependent spectrum (lower left) pro
relative orientation of their magnetic axes. The time dependent trace (lower right) gives thtransient EPR is relatively narrow: the lower limit is ∼50 ns, which is
limited largely by the risetime of the resonator [157,158], and the
upper limit is ∼5 μs, which is the inherent decay of the spin polarized
state and is thus temperature dependent. The decay of the P700+ A1A−
radical pair ﬁts perfectly within this window, whereas, the decay of
the P700+ A1B− radical pair does not, and cannot be detected in real-time.
Its presence can be inferred from the so-called ‘late signal’, which is
derived from the P700+ FX− radical pair [109,110]. In the ‘late signal’, fast
relaxation precludes observation of FX− and only the emissive part of
the signal due to P700+ is observed.
The theory of spin correlated radical pairs (SCRP) forms the basis
for spectral simulations of P700+ A1A− spectra performed at X-, Q- andW-
bands [140–142,159–164]. The large number of magnetic interaction,
structural, and rate parameters required for accurate spectral simula-
tions are listed in Table 1 [141]. Fortunately, most of these values are
known from independent measurements. Of greatest interest here is
the fact that the electron spin polarization pattern of the P700+ A1A−
radical pair as observed by transient EPR is sensitive to the relative
orientation of the g-tensors, g(P700+ ) and g(A1A− ), with respect to the
vector ZD connecting the spin density centers of the two radicals [165]
(Fig. 6). Using this technique, the orientation of a substituted quinone
relative to that of native phylloquinone can be qualitatively assessed in
the spectroscopically accessible A1A site. One very early contribution
of transient EPR was to show that phylloquinone was indeed an
electron transfer intermediate in PS I. The electron spin polarized
signal of the P700+ A1A− radical pair could not be detected in a solvent-
extracted PS I complex which was devoid of phylloquinone, and the
signal was restored after reconstitution with either protonated or
deuterated phylloquinone [166]. Further evidence for its participationvides information about the species involved in the formation of the radical pair and the
e rate of electron transfer through the acceptor species involved in the radical pair.
Table 1
The parameters required to simulate a transient EPR spectrum involving P700 and A1A.
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conditions that would be expected to result in double reduction of the
phylloquinone [167]. A large body of contemporary work on PS I has
since focused on understanding whether both branches of electron
transfer cofactors are active, and how the PsaA and PsaB subunits,
with their subtle differences in amino acid sequence, can bias the
electron transport along a particular branch. Any lingering doubt
about the ability of both phylloquinones to accept electrons was laid to
rest in a recent high ﬁeld transient EPR experiment in which the
P700+ A1− radical pair was measured in a sample of PS I from Synecho-
coccus lividus that contained ascorbate and in one that had undergone
photoaccumulation at 240 K in the presence of sodium hydrosulﬁte
[168]. The former results in the spectrum of only the spin correlated
radical pair P700+ A1A− and the latter in the spectrum of the spin
correlated radical pair P700+ A1A− and P700+ A1B− , albeit in varying amounts
depending on the period of illumination. The contributions of the two
radical pair species in the latter are separated based on their kinetic
behavior. Because the spin on P700+ is located on the Chl a molecule
ligated by PsaB [169], the P700+ A1A− and P700+ A1B− interspin vectors are not
symmetric relative to the g-tensor principal axis of P700+ [156,170].
Hence, the numerically simulated spectra should differ primarily in
the spectral region that contains P700+ . The two very different spectra
that were generated in [168] could be numerically simulated as the
spin correlated radical pairs P700+ A1A− and P700+ A1B− .
Environmental effects such as the inﬂuence of protein on the
cofactors can bemonitored at lowmicrowave frequencies such as in X-
band where hyperﬁne interactions predominate. The hyperﬁnecoupling (hfc) tensor parameters determined by simulating transient
EPR spectra can be used to calculate the electron spin density at a
given nucleus. The McConnell relation (aiso=Qρπ) is used to evaluate
the π spin density at a particular aromatic ring position from the
isotropic hfc constant measured for a nuclear spin in a substituent
(such as a proton spin in a –H, –CH3, or –CH2– fragment) to the ring
position. In photosynthetic systems, the restricted motion allows the
full hfc tensor to be determined, and aiso can be evaluated from the
tensor trace 1/2Tr(A) and compared to the value of aiso for the radical
ion in solution. If quinones in different biological environments are
compared, the change in hfc tensor components can be directly
related to differences in spin density and hence in H-bond conﬁgura-
tion between the compared sites. For instance, when phylloquinone is
present in isotropic solution with one H-bond to each carbonyl group,
the spin density distribution at positions 2 and 3 (and all other
symmetry-related positions) are equal (Fig. 7). However, when the
phylloqunione occupies the A1 site, the single H-bond induces a strong
asymmetry in the spin density distribution with value of 0.17 at
position 2 and 0.03 at position 3 [171]. The intermediate scenario is 2-
methyl-1,4 naphthoquinone in isotropic solvent, where only a small
asymmetry is expected (Fig. 7). While attempting to calculate spin
density distribution at different ring positions, additional information
can be obtained using isotope labeling with 13C. For the 13C hfc tensor
of a ring carbon position, the aiso value is small, and a different
strategy is used than with protons to evaluate the electron spin
density distribution (discussed more fully in [172]). There are two
advantages to using 13C hfc tensors: (i) quinones in different
Fig. 6. View of the structure of the radical pair state showing the vector ZD that connects
the g-tensors P700 and A1A [141]. Note that the distance and the angle are important
parameters that deﬁne the shape of the radical pair spectra.
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different features such as electron spin density distribution and
electronic g-tensors, but the structure of the 13C hfc tensor remains
invariant; and (ii) the orientation of the 13C hfc tensor is highly
anisotropic with cylindrical symmetry such that it does not deviate
from the napththoquinone molecular symmetry, having one out-of-
plane component AZZ and two nearly equal in-plane components AXX
and AYY. The largest and most accurately measurable hfc tensor
component, AZZ, is associated with the largest out-of-plane axis z ofFig. 7. Spin density distribution according to DFTcalculations. (a) Phylloquinone in isotropic s
with one H-bond to the protein backbone and (c) 2-methyl-1,4-naphthoquinone in isotropthe ring, and will directly sense relative changes in the electron spin
density, which is located in the π system above and below the quinone
ring. It has long been known that the unpaired π spin density in
semiquinone radicals is primarily concentrated on the carbonyl
groups. Given the alternating spin densities expected in PS I due to
the single H-bond, the major contributions to AZZ will result from the
π spin densities at the C4 position. The dipolar hfc interaction between
the spin density in pz(C4) and the 13C nuclear spin located in the
orbital center leads to the relation AZZ(C4)∼ρπ(C4), which is largely
conﬁrmed in DFT calculations [173–177]. An additional importance of
determining the hyperﬁne couplings of the ring substituents on
phylloquinone is that they can be correlated to asymmetric H-bonding
between the quinone cofactor and the protein environment [178]. We
shall discusss this issue further in Section 4.2.1.
4. Factors affecting the thermodynamic properties of the A1A and
A1B phylloquinones
The midpoint potentials of plastoquinone-9 and phylloquinone
differ by only ∼100 mV in vitro (in DMF) whereas the midpoint
potentials differ by ∼600 mV in vivo (in PS I vs. PS II). The large
difference in the midpoint potentials of plastoquinone-9 in the QA site
of PS II and phylloquinone in the A1A/A1B sites in PS I is therefore
largely a function of the protein environment with a minor
contribution determined by the identity of quinone.
4.1. Chemical identity of the quinone
The contribution of the identity of the quinone to its thermo-
dynamic properties in situ can be studied by incorporating quinones
in the A1A and A1B binding sites with different chemical properties.
The phylloquinones are tightly bound in PS I, yet perdeuterated
phylloquinone can exchange with native phylloquinone, residing in
the A1A (and likely A1B) site(s) with an orientation identical to wild-
type PS I [179]. The exchange is efﬁcient at elevated temperatures with
an excess of isotopically labeled phylloquinone; although, exchange is
possible at 4 °C over extended time periods [180]. There is no
indication that phylloquinone self-exchange occurs in vivo or that
phylloquinone exchange would even have physiological signiﬁcance.
No non-native quinone has yet been identiﬁed that will exchange
naturally with phylloquinone, but this is likely the consequence of
many eons of natural selection, which has provided for a very high
binding constant for phylloquinone (relative to plastoquinone-9,
which is the only other abundant quinone in photosynthetic
membranes). Two methods have been developed for introducing
foreign quinones into PS I. The native phylloquinone can be removedolvent with one H-bond to each carbonyl group, (b) phylloquinone in the A1 binding site
ic solvent. Maximum asymmetry is expected in (b).
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non-native quinones [98,187–191] can be introduced in vitro. Alter-
nately, the genetic interruption of the phylloquinone biosynthetic
pathway allows a loosely bound plastoquinone-9 to be incorporated
into the A1A and A1B sites, which can then be displaced either in vivo or
in vitro with native or non-native quinones [192–195].
4.1.1. Solvent-extracted Photosystem I
The ﬁrst method developed for introducing a foreign quinone into
PS I involved using organic solvents to remove the phylloquinones
from the A1A and A1B sites. Mixtures such as ‘wet’ diethyl ether
containing a small amount of H2O [127,187,196,197] and 99% hexane
containing 0.3% methanol [198] appear equally effective in removing
both phylloquinones. The solvent treatments additionally remove all
of the β-carotene molecules, and in the case of the ether-treated PS I,
all but for 9 [184] or even 6 [184] Chl molecules, leaving primary
photochemistry between P700 and A0 intact [182,199]. The FX, FA and FB
clusters are retained in these preparations, but there is no electron
transfer between A0 and FX at room temperature in the absence of
phylloquinone [127,183,198]. Curiously, low temperature electron
transfer to the iron–sulfur clusters is not completely disrupted by
the loss of phylloquinone, implying a direct route of electron transfer
from A0 to FX [185,200]. This intriguing ﬁnding has not been
adequately followed up and merits additional study. Under less
stringent extraction conditions only one of the two phylloquinones is
reportedly removed, leaving one remaining phylloquinone to support
electron transfer to the iron–sulfur clusters [198,201]. This is in
contrast to the study in Ref. [202] in which it was not possible to
preferentially extract either the A- or the B-branch quinone. The
hexane-extracted PS I particles retained two phylloquinones per P700
suggesting that the quinones extracted using hexane are not an
integral part of the PS I complex and are bound instead to the lipids
associated with PS I. In spite of the apparently harsh treatment with
solvents, the A1A and A1B binding pockets arewell-preserved as shown
by the ability of added phylloquinone to restore electron transfer to
the iron–sulfur clusters in extracted PS I complexes [187,189,198] as
well as in extracted P700-FX cores [186]. It was found that a variety of
foreign quinones could bind to the empty sites in ether-extracted PS I
complexes with binding afﬁnities in the order of benzoquino-
nebnaphthoquinonebanthraquinone [189]. Only those quinones
with an estimated midpoint potential between that of A0 and FX
could pass the electron forward to the iron–sulfur clusters; those with
higher midpoint potentials underwent charge recombination with
P700+ [98,189]. Non-quinoid molecules such as ﬂuorenone, anthrone
and their derivatives could be introduced into the solvent-extracted
PS I complexes, and were found to be effective in passing electrons
forward to the iron–sulfur clusters [203]. Well before the X-ray crystal
structure was solved, Itoh et al. showed that the phylloquinone
binding sites were located on the PsaA and PsaB proteins using a
clever tagging experiment with the photoafﬁnity label, 2-azido-9,10-
anthraquinone [204]. Quite remarkably, it was predicted from the
biochemical evidence that the binding domain is hydrophobic with its
size similar to that of anthraquinone, and that the changes in binding
afﬁnity of different quinones suggest the presence of a H-bond or a
π–π interaction between the quinone and the protein [188]. In
hexane-extracted PS I preparations however, only a very limited
number of quinones, including native phylloquinone, 2-methyl-3-
decyl-1,4-naphthoquinone, 2-methyl-3-(isoprenyl)2-1,4-naphthoqui-
none, and 2-methyl-3-(isoprenyl)4-1,4-naphthoquinone, were able to
restore forward electron transfer to the iron–sulfur clusters [191]. It
was concluded that the 3-phytyl side chain of phylloquinone and the
3-alkyl tails of the three naphthoquinones are required for interaction
with the A1A and A1B hydrophobic binding sites. A follow-up study,
which employed recovery of the electron spin polarized signal from
P700+ A1− as the criterion for successful reconstitution, showed that the
exogenous quinones must have a solution midpoint potential nogreater than 40 mV more reducing than phylloquinone, and that
structural requirements included a benzoquinone or naphthoquinone
ring substitutedwith an alkyl tail [180]. It is not altogether clearwhy in
this study only a restricted set of quinones were able to pass electrons
forward to FX, although it has been suggested that the aforementioned
quinones acted as exogenous electron acceptors [191]. The bottom line
is that the A1A and A1B binding sites appear versatile enough to accept
a variety of substituted quinones, showing a remarkable degree of
ﬂexibility with regard to features such as the number of aromatic
rings, alkyl tail length, and the presence of side groups.
4.1.2. Biosynthetic pathway mutants
The second method for introducing a foreign quinone into the A1A
and A1B sites involved interrupting the biosynthetic pathway of the
phylloquinone. Its biosynthesis in cyanobacteria and higher plants
proceeds by a pathway similar to the menaquinone biosynthesis
pathway of Escherichia coli, a gram-negative bacterium. Menaquinone
is amolecule structurally similar to phylloquinone differing only in the
length and the saturation level of the isoprenoid substituent at the C3
position.Menaquinone has an unsaturated polyprenyl substituent that
is 30 to 50 carbon units in length while phylloquinone has a largely
saturated polyprenyl substituent that is 16 carbon units in length. The
enzymes and the genes involved in the synthesis ofmenaquinone have
been identiﬁed in E. coli [205]. Menaquinone synthesis occurs via eight
enzymatic steps as shown in Fig. 8. The ﬁrst step is the isomerization of
chorismate to isochorismate by isochorismate synthase (MenF) [206].
The subsequent step involves the condensation of isochorismate with
thiamine-pyrophasphate-succinic semialdehyde catalyzed by 2-succi-
nyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase (MenD)
[207]. Dehydration of 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-
caboxylate catalyzed by o-succinylbenzoate synthase (MenC) [208] is
followed by CoA thioesteriﬁcation catalyzed by o-succinylbenzoate-
CoA synthase (MenE) [209]. Ring cyclization occurs next through the
activation of 1,4-hydroxynaphthoyl-CoA synthase (MenB) [210]. The
product undergoes de-esteriﬁcation either spontaneously or aided by
1,4-hydroxynaphthoyl-CoA thioesterase (MenH) resulting in 1,4-
dihydroxy-2-naphthoic acid (DHNA). Further condensation of DHNA
with polyprenyl diphosphate catalyzed by DHNA polyprenyl transfer-
ase (MenA) yields 2-polyprenyl-1,4-naphthoquinone [211]. The ﬁnal
methylation reaction is catalyzed by 2-polyprenyl-1,4-naphthoqui-
nonemethyl transferase (MenG)with S-adenosyl-L-methionine as the
methyl donor resulting in the production of menaquinone.
Comparative genome analysis and reverse genetics have been used
to identify the homologous genes in cyanobacteria and higher plants
[35,212]. Of the organisms studied, 11 cyanobacterial species and a
higher plant, Arabidopsis thaliana, were found to contain the complete
set of the eight Men protein homologs. The amino acid sequence of
MenB, in particular, was highly conserved in a wide range of
organisms including cyanobacteria, E. coli, Bacillus subtilis, the green
sulfur bacterium Chlorobium tepidum and the archeon Halobacterium
sp. NRC-1. The other proteins share an amino acid sequence similarity
anywhere between 30% and 70%. Gloeobacter violaceus is the
exception to this pattern: only homologs of MenA and MenG could
be identiﬁed. However, G. violaceus is known to synthesize menaqui-
none-4 indicating the possible presence of a novel pathway for the
synthesis of DHNA, a precursor in the biosynthetic pathway [213]. The
presence of menaquinone-4 in the A1 site of other cyanobacterial
species points to its likely involvement in G. violaceus and excludes
plastoquinone-9 as a participating cofactor [213]. MenG in E. coli is a
multifunctional enzyme that participates in the biosynthesis of both
menaquinone and ubiquinone [214]. Because there is no known
synthesis of ubiquinone in any cyanobacterial species including Sy-
nechocystis sp. PCC 6803 and Synechococcus sp. PCC 7002, and because
the null mutations of the menG genes do not alter the synthesis of
plastoquinone-9 [215], it is likely that MenG participates exclusively in
the biosynthesis of phylloquinone.
Fig. 8. The menaquinone biosynthetic pathway. SAM — S-adenosyl-L-methionine; TPP-SS — thiamine-pyrophosphate-succinic semialdehyde.
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1,4-naphthoquinone methyltransferase that is responsible for the ﬁnal,
methylation step in the biosynthesis of phylloquinone. Targeted
inactivation of the menG gene in Synechocystis sp. PCC 6803 [215] and
theAt1g23360gene (ATmenG) inA. thaliana [216]prevents the synthesis
of phylloquinone and results in accumulation of 2-phytyl-1,4-naphtho-
quinone (hereafter known as demethylphylloquinone). CW EPR and
multiple frequency transient EPR studies of the cyanobacterial null
mutant [215] showed the presence of a light-induced radical that had an
overall linewidth similar to that of phylloquinone. Whereas the
hyperﬁne splitting pattern of wild-type PS I consists of four lines,
which arise from the three identical methyl protons at ring position C2
the hyperﬁne splitting pattern of the menG null mutant showed only
two lines in the low ﬁeld region, consistent with the presence of a single
aromatic proton at C2. The spin polarization pattern indicates that the
orientation of demethylphylloquinone in theA1A binding site is identical
to that of phylloquinone. Out-of-phase ESEEMexperiments on themenG
variant showed the same P700+ to A1A− distance as in wild-type PS I.
Transient EPR measurements at room temperature showed that the
forward electron transfer from A1A− to FX is slowed from 300 ns in the
wild-type to 600 ns in the menG variant, and time-resolved optical as
well as ﬁeld-modulated EPR measurements showed that the recombi-
nationbetweenP700+ and [FA/FB]− is four fold faster than in thewild-type
[215]. These results indicate a decrease in the Gibbs free energy
difference between A1 and FX. An approximate estimate using Marcus
theory shows that the removal of the methyl group causes the
demethylphylloquinone in theA1 site tobecome∼50mVmoreoxidizing
than the native phylloquinone. This calculated value is in rough
agreement with the difference in the midpoint potentials between
two phylloquinone analogs, 2-methyl-1,4-naphthoquinone and 2,3-
dimethyl-1,4-naphthoquinone determined in organic solvent. This
change in midpoint potential would result in the lowering of the
equilibrium constant between A1 and FX. by a factor of 10. Consequently,
forward electron transfer would become slower and the recombination
between P700+ and [FA/FB]− would become faster. The cyanobacterial
mutant is capable of supporting both autotrophic and photomixotrophicgrowth at rates similar to the wild-type. Clearly, the altered rate of
phyllosemiquinone oxidation is so inconsequential that PS I activity as
measured by light-dependent rate of electron transfer from cytochrome
c6 to ﬂavodoxin is identical to that of the wild-type [215]. The ﬁnding
that electron transfer throughput is not decreased in the menG null
mutant raises questions about the function of the methyl group. At
present, there is no satisfactory answer, although the observation that
both the cyanobacteria [215] and A. thaliana [216] null mutants
accumulates lower levels of PS I under high light intensities hints that
themethyl groupmay play a role in conferring long term stability to PS I,
either by inﬂuencing its initial assembly or turnover.
4.1.2.2. The menA and menB null mutants. Targeted inactivation of
themenA, menB, menD, andmenE genes in Synechocystis sp. PCC 6803
[192,212,217] and themenB, andmenF genes in Synechococcus sp. PCC
7002 [218] has been carried out by introducing an antibiotic cartridge
into the coding region of these genes. In all cases, phylloquinone
synthesis was prevented, demonstrating that these genes are essential
for its biosynthesis in cyanobacteria. Quite unexpectedly, the
cyanobacterial menA, menB, menD and menE null mutants grew
photoautotrophically, albeit at a slower rate, in the absence of
phylloquinone [192,212]. It was thought highly unlikely that at room
temperature, an electron could span the distance between A0 and FX in
a realistic period of time, so a substitute for phylloquinonewas sought,
and found, as a UV-absorbing cofactor [192,217]. This moiety, which
was present only in the null mutants, was identiﬁed as plastoquinone-
9 based on its UV-visible absorption spectrum and mass. Low
temperature ﬂuorescence assays showed that the amount of active
PS II per cell was comparable to the wild-type, whereas the amount of
PS I was only about 50–60% that of the wild-type. Nevertheless, PS I
complexes isolated from the menA and menB null mutants were
capable of supporting ∼85% of wild-type electron transport through-
put from cytochrome c6 to ﬂavodoxin. indicating that plastoquinone-9
can function in forward electron transfer to FX, albeit less efﬁciently
than phylloquinone [192]. The presence of plastoquinone-9 was
conﬁrmed by Q-band CW EPR studies of the photoaccumulated A1A−
Fig. 9. The X- (lower), Q- (middle) andW-band (top) spectrum of themenB null mutant
compared to that of the wild-type. With increase in the microwave frequency, the
decrease in the spectral width associated with the mutant becomes more evident,
pointing toward the involvement of plastoquinone-9. The conservation of the
polarization pattern between the mutant and the wild-type indicates no change in
the orientation of the two quinone species in the binding pocket.
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that its cabonyl bonds are parallel to the vector connecting P700+ and
A1− as indicated (Fig. 9) by the similarity in the polarization pattern
at X-, Q- and W-bands between the menB null mutant and the wild-
type. Pulsed ENDOR studies showed the presence of two nearly
axially symmetric hfc features indicative of two inequivalent methyl
groups, thereby removing any doubt that plastoquinone-9 was
present in the A1A site. ESEEM experiments further indicated that
the center-to-center distance between P700+ and the plastoquinone-9
radical (25.3±0.3 Å) was the same as between P700+ and the
phylloquinone radical in the wild-type [194].
The midpoint potential of plastoquinone-9 (−369 mV vs. NHE)
[219] is +96 mV more oxidizing than that of phylloquinone
(−465 mV vs. NHE) [220] when measured in DMF.4 If the concept
of acceptor number [99] is applied to PS I, the midpoint potential of
plastoquinone-9 in the A1 site would be +67mVmore oxidizing than
phylloquinone [193]. Both values are large enough to cause a
measurable change in the kinetics of forward electron transfer from
A1A and A1B to FX. Similar to the wild-type, forward electron transfer
from plastoquinone-9 to FX was found to be biphasic, but with
lifetimes of ∼15 μs and ∼300 μs [193]. At the time, electron transfer in
PS I was considered to be unidirectional, but it is interesting to note
that that these values are both 103 times slower than the now-
accepted A1B− to FX and A1A− to FX electron transfer rates inwild-type PS
I. Because the substitution of phylloquinone with plastoquinone-9
should affect the A1A and A1B sites equally, it is tempting to assign the
15 μs lifetime to A1B− to FX electron transfer and the 300 μs lifetime to
A1A− to FX electron transfer. Since charge recombination from [FA/FB]−
to P700+ occurs indirectly via thermal repopulation of FX and A1, these
rates should also be affected. Using time-resolved optical absorption
spectroscopy, it was shown that charge recombination between P700+
and [FA/FB]− occurs with a lifetime of 3 ms, which is ∼25 times faster
than in the wild-type. The altered forward and backward electron
transfer rates imply that the redox potential gap between plastoqui-
none-9 and FX is considerably smaller than between phylloquinone
and FX. Semenov et al. [193] attempted to estimate the midpoint
potential of plastoquinone-9 in PS I in themenA andmenBmutants by
invoking the Moser–Dutton formulation. Because the distance from
P700+ to the plastosemiquinone-9 radical is identical to the distance
from P700+ to the phyllosemiquinone radical [194], and given that the
reorganization energy remains unchanged, the difference in the
electron transfer rate will be due to a difference in the Gibbs free
energy between the two redox pairs. Depending on whether the
reorganization energy is 0.7 or 1.0 eV, the faster, 15 μs kinetic phase
would be accommodated only if electron transfer between plastoqui-
none-9 and FX were endergonic by +12 or +95 mV. Although the
slower, 300 μs kinetic phasewas not considered in Ref. [193], the same
conclusion would apply with the caveat that the Boltzmann penalty
for forward electron transfer to FX would be even greater.
If the two kinetic phases in the menB null mutant do represent
forward electron transfer from A1A− and A1B− , then electron transfer
should be thermodynamically unfavorable from plastoquinone-9 to FX
in both the A- and B-branches. However, were this the case, when the
temperature is lowered there should be a point at which insufﬁcient
thermal energy is available to span the Gibbs free energy gap between
reduced plastoquinone-9 and FX. At this temperature, all electron
transfer to FA and FB should cease. Yet, as shown by low temperature
X-band EPR spectroscopy, FA and FB in the menA and menB null
mutantswere reduced by illumination at 15 K in the same amount and
in the same ratio as in wild-type PS I [192]. This result is difﬁcult to
explainwith the aforementioned paradigm of the biogenergetics in PS
I.4 The correction for the liquid junction potential does not have to be taken into
account for differences in potential.Even though most researchers in the ﬁeld subscribe to the
thermodynamic argument to explain non-reversible pathways, one
additional possibility is that the low temperature electron transfer to
FA and FB is unrelated to the thermodynamics of A1A to FX electron
transfer. Instead, it may be related to a structural issue wherein, for
reasons yet unknown, a fraction of PS I is frozen in a conﬁguration that
does (or does not) permit forward electron transfer either from A1A/
A1B to FX or from FX to FA/FB. The ﬁnding that the temperature at
which electron transfer is blocked is related to the glass transition
temperature of the water/glycerol mixture gives some credence to
this idea. Another possibility is that the electron transfer step between
A1B and FX remains thermodynamically favorable even in the menA
andmenB null mutants. The estimates of free energy change based on
the Moser–Dutton formulation are, after all, only reliable within an
order of magnitude. To address this issue further, Shinkarev modeled
the forward and backward electron transfer kinetics in PS I from the
menA null mutant. His calculations showed that the midpoint
potential increased +135 mV when plastoquinone-9 rather than
phylloquinone occupies the ‘A1’ site [101]. If this increase would apply
to both the A1A and A1B sites, and if one uses the recently calculated
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then the midpoint potential of plastoquinone-9 in the A1B site would
be −709 mV. Thus, either the calculated operating midpoint
potential of −585 mV for FX from the same study or the consensus
midpoint of −620 mV for FX from experiment (see Section 2.2),
would render electron transfer from A1B to FX thermodynamically
favorable by +124 mV and +79 mV, respectively in the menA and
menB null mutants. Either would allow low temperature electron
transfer to FA and FB along the B-side cofactors and neatly solve the
problem of searching for a new explanation for the low temperature
reduction of FA and FB [80]. Considering the theoretical and
experimental results in total, it seems most reasonable that the
midpoint potential of A1B is 200 mV±50 mV more reducing than
that of FX. What can be stated for certain in cyanobacteria is: i) the
menA and menB genes are essential for phylloquinone biosynthesis,
ii) plastoquinone-9 occupies the A1A (and likely the A1B) binding site
(s) when phylloquinone biosynthesis is interrupted, iii) plastoqui-
none-9 is oriented similar to phylloquinone at the same distance
from P700 and iv) plastoquinone-9 is capable of supporting forward
electron transfer at room and low temperatures in spite of its
considerably higher midpoint potential. In C. reinhardtii, plastoqui-
none-9 is recruited in the A1 site when the menD1 gene that encodes
for the enzyme involved in the ﬁrst speciﬁc step in the phylloquinone
biosynthesis is deleted [221]. Despite the accumulation of PS I being
comparable to the wild-type, the forward electron transfer to FX is
slowed down 40-fold. Interestingly, the study revealed that the
plastoquinone pool size was reduced by 20–30%. On prolonged
anaerobiosis, which promotes reduction of the plastoquinone pool,
the rate of P700+ reduction was considerably increased suggesting a
dynamic exchange between plastoquinone pool and that in the A1
site. Although the exchange is too slow to be of physiological
relevance, it may be meaningful in an evolutionary perspective. In
higher plants such as A. thaliana, the interruption of the At1g60600
gene, which codes for DHNA phytyltransferase, results in the absence
of both phylloquinone and PS I [222]. This may be due to the
presence of an efﬁcient machinery in higher plants which recognizes
subtle variations in photosynthetic reaction centers and triggers their
degradation.
One recent study on the menA and menB null mutants indicates
that the replacement of phylloquinone with plastoquinone-9 changes
the relative contributions of the enthalpy and entropy components
within the Gibbs free energy equation that describes the forward
electron transfer. Pulsed time-resolved photoacoustics was used to
obtain a direct measurement of the enthalpy change that accom-
panies each electron transfer step. The entropic contribution to a
particular reaction can be calculated if the Gibbs free energy is
known from prior measurements [223]. For the late electron transfer
process (P700+ A1−FA/B→P700+ A1FA/B− ) the reaction is entropically driven
although the contribution is lowered from 0.54 eV for the wild-type
[224] to 0.37 eV for the menA and menB null mutants [225]. The
marked contrast in the entropic contribution is evident in the early
electron transfer step (P700⁎A1→P700+ A1−). Here, the contribution
increases from −0.17 eV in wild-type PS I [224] to zero in the
mutants [225]. The entropy contribution of the overall process
(P700⁎A1FA/B→P700+ A1FA/B− ) (TΔS=0.37 eV) however, is conserved.
One little appreciated detail is that the 34-carbon partly unsatu-
rated solanyl tail of plastoquinone-9 is signiﬁcantly longer than the
18-carbon saturated phytyl tail of phylloquinone, yet this does not
prevent the former from fully occupying the A1A (and presumably A1B)
binding site(s). The 2.5 Å X-ray crystal structure of cyanobacterial PS I
indicates that the binding pocket for the phytyl tail of phylloquinone is
lined with lipophilic Chl and β-carotene molecules. The terminus of
the phylloquinone phytyl tail is near the chlorin ring of one of the
antenna Chl molecules as well as near several molecules of β-
carotene. It is possible that during PS I assembly, one or more of these
lipophylic pigment molecules are displaced so as to accommodate thelonger tail from plastoquinone-9. This raises the intriguing possibility
that plastoquinone-9 rather than phylloquinone might have been the
ancestral quinone in the A1A and A1B sites of PS I. The transition from
plastoquinone-9 to phylloquinone might have opened binding sites
due to the shorter phytyl tail that became occupied by the present Chl
and β-carotene molecules. This idea would be the converse of
Mulkidjanian and Junge's proposal [226] that mutations causing the
loss of certain porphyrin-type pigments led to the acquisition of redox
cofactors throughout the evolution of the photosynthetic reaction
centers. Perhaps the lower midpoint potential of phylloquinone
relaxed the otherwise stringent structural and/or functional con-
straints on the A1A, A1B and FX cofactors so that additional features,
such as accessory Chl proteins, could be added in evolutionary time
to PS I.
4.1.2.3. Displacement of plastoquinone-9 with non-native quinones.
Plastoquinone-9 can be displaced from the A1A and A1B sites of PS I by
supplementing the growth medium of the menB and menA null
mutants with various quinones including authentic phylloquinone
[195]. Supplementing the growth medium of the menB null mutant
(but not the menA null mutant) with 2-methyl-1,4-naphthoquinone
or 2-carboxyl-1,4-naphthoquinone results in the reincorporation of
phylloquinone [195]. The displacement of plastoquinone-9 is so
efﬁcient that the reincorporation of phylloquinone is quantitative.
Phylloquinone can displace plastoquinone-9 in cells that have been
treated with protein synthesis inhibitors indicating that expulsion of
plastoquinone-9may be diffusion limited. A study with perdeuterated
2-methyl-1,4-naphthoquinone [195] shows that the phytylation is
speciﬁc to the carbon position ortho to the methyl substituent in the
quinone head group (see Fig. 3). This appears to be true only in the
case of non-polar substituents, such as a methyl group, because in the
case of 2-carboxyl-1,4-naphthoquinone the phytyl tail replaces the
carboxyl group. Supplementing the growth medium of the menB
variant with 1,4-naphthoquinone also led to its incorporation into the
A1A (and presumably A1B) site(s), but without the phytyl tail or
methyl group. Therefore, a C2V symmetry-breaking element is
required for phytylation or methylation.
It might be expected that the H-bond, the methyl group, and the
phytyl tail might all be required to lock the orientation of native and
non-native quinones into the A1A and A1B sites. However, the electron
spin polarization pattern of the P700+ A1A− radical pair of PS I complexes
isolated from the menG null mutant shows the typical E/A/E pattern
(where E is emission and A is absorption) at X-band and E/A/A/E/A
pattern at Q-band. As discussed earlier, the polarization pattern is
sensitive to the orientation of the quinonemolecular axeswith respect
to the membrane normal and is therefore a signature of the
orientation of the quinone in the A1A site. The orientation of the
hyperﬁne principal axes of the C–H (menG) and C–CH3 (wild-type)
fragment, though different, conform to an unaltered quinone
molecular axis. The phytyl tail remains ortho to the carbonyl group
involved in the H-bond. The pattern of electron spin density
distribution seen for the C–H fragment relative to isotropic solution
indicates that the H-bond is intact. The P700+ to semiquinone center-to-
center distance measured by out-of-phase ESEEM spectroscopy was
identical to wild-type PS I. These results show that the methyl group
does not play a critical role in determining the orientation of
phylloquinone. One might expect that the phytyl side chain would
play a more important structural role. Yet, in PS I from the menB null
mutant, plastoquinone-9 also enters the A1A site with the naphtho-
quinone headgroup oriented similar to the native phylloquinone.
Here, the single benzoquinone ring lacks a substituent ortho to the
phytyl tail, and the 45 carbon tail is a partially unsaturated
condensate of 9 isoprenoid units making it considerably longer and
less saturated than the 20 carbon, mostly saturated, tail of
phylloquinone. This ﬁnding indicates that the phytyl tail also does
not play a major role in orienting the quinone within the A1A (and
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incorporation of 2-methyl-1,4-naphthoquinone into the A1A (and
likely A1B) sites of PS I isolated from the menB null mutant. The
polarization pattern shows that 2-methyl-1,4-naphthoquinone head
group is present in the A1A site with the same orientation as the
native phylloquinone head group. The 1:3:3:1 hyperﬁne splittings
show that the methyl group is located meta to the H-bond, which is
the same high spin position occupied by the methyl group of
phylloquinone in the wild-type. The only signiﬁcant difference is that
the –CH3 splittings are better resolved due to the reduced
inhomogeneous linewidth resulting from the absence of the phytyl
tail (Fig. 10). This conﬁrms an earlier conclusion that the phytyl tail
does not play a major role in orienting the quinone in the PS I
complex. The case with unsubstituted 1,4-naphthoquinone is not as
straightforward. The ﬁrst reported studies using solvent-extracted PS
I [107,227] and PS I isolated from the menB null mutant [195]
indicated that 1,4-naphthoquinone was oriented differently in the
A1A site. Transient EPR studies with perdeuterated 1,4-naphthoqui-
none showed a change in the polarization pattern and an increase in
g-anisotropy [228]. The polarization pattern could be simulated by
assuming an angle of 90° (compared to 0° for PhQ) between zd (the
vector that connects P700+ and A1−) and the gxx tensor of 1,4-
naphthoquinone. This orientation, in which 1,4-naphthoquinone is
perpendicular to the plane of the membrane, would most certainly
preclude the formation of the H-bond. The increase in g-anisotropy
for 1,4-naphthoquinone in the A1 site reported in [228] lent
credibility to this idea. However, in a recently reported study [165],
the spectrum recorded at higher microwave frequencies did not
show a signiﬁcant change in the g-tensor anisotropy between 1,4-
naphthoquinone and phylloquinone suggesting an identical orienta-
tion with an intact H-bond. The apparent discrepancy with the earlier
data may reﬂect the need for a ring substituent to lock the quinone
into a speciﬁc orientation. Given that 1,4-naphthoquinone is the
smallest of the analogs incorporated in the A1A site, the broadening of
the observed spectrum might be due to a distribution of several
orientations. Although it appears that neither the phytyl tail nor the
methyl group is necessary for specifying the orientation of the
quinone in the A1A (A1B) site, at least one ring substituent is requiredFig. 10. A closer view of the A1A binding pocket occupied by phylloquinone. 2-methyl-1,4-nap
1,4-naphthoquinone show (inset bottom) highly pronounced hyperﬁne splitting when comto minimize a distribution of orientations. It is interesting that no
signiﬁcant differences have been found in the orientation of the
(albeit limited number of) non-native quinones introduced into PS I
that has been either solvent-extracted preparations or isolated from
the menB null mutant. One intriguing ﬁnding is that when 2-ethyl-
1,4-naphthoquinone or 2-butyl-1,4-naphthoquinone is introduced
into solvent-extracted PS I, the same overall polarization pattern of
E/A/E is present, which shows that these non-native quinones bind
with the same headgroup orientation as phylloquinone and as 2-
methyl-1,4-naphthoquinone. Yet, the pronounced 1:2:1 hyperﬁne
splittings from a –CH2 fragment (rather than 1:3:3:1 hyperﬁne
splittings from a –CH3 fragment) shows that the ethyl and butyl
groups are located in the high spin density position meta to the H-
bond. Thus, the alkyl tail in the substituted naphthoquinones resides
in the space normally occupied by the methyl group of phylloqui-
none. One possibility is that the tail makes a sharp bend at its C2
position to ﬁt into the channel normally occupied by the phytyl tail.
This result bears repeating in the more intact PS I complexes isolated
from the menB null mutant.
Anthraquinones can also be introduced into PS I that has been
either solvent-extracted [229] or isolated from the menB mutant
[229]. The incorporation is incomplete in the latter, although the
degree of occupancy is signiﬁcantly higher in a menB/rubA double
mutant. The rubA gene codes for a membrane-associated rubredoxin
that is required for the insertion of the iron–sulfur cluster FX [154,230].
Insertional inactivation of the rubA gene results in accumulation of PS
I complexes that are devoid of FX, PsaC, PsaD and PsaE [154,230]. In the
absence of FX and the stromal proteins, the plastoquinone-9 ﬁlled A1A
(and A1B) binding site(s) may be more accessible to the larger
anthraquinone head group. The spin polarization of the P700+ A1A−
radical pair in anthraquinone-substituted PS I exhibits an E/A/E
pattern at X-band and E/A/A/E/A pattern at Q-band similar to the
P700+ A1A− radical pair in the wild-type, indicating that the three-ring
quinone displaces plastoquinone-9, occupying the A1A site with the
same orientation as native phylloquinone in wild-type PS I [229].
Following well-established protocols [231], it is possible to rebuild the
FX cluster, whereupon the forward electron transfer rates can be
studied. The rate of forward electron transfer from A0− to A1A washthoquinone is shown as an inset (top). The transient EPR spectrum PS I with 2-methyl-
pared to the wild-type.
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magnitude) faster than in the wild-type [232]. These changes are a
result of a shift of the midpoint potential of the anthraquinone to a
more negative value, which was estimated on the basis of Marcus
theory to be as much as−100 mVmore reducing than phylloquinone
[223]. The lower apparent activation energy calculated for the
otherwise thermally activated A1A− to FX electron transfer step is also
consistent with this assessment. Anthraquinone is loosely bound in
the A1A site and extended washing with detergent-containing buffer
leads to its removal, resulting in a PS I complex containing empty A1A
(and presumably A1B) binding sites [229]. Because no Chl or β-
carotene is removed, this washed-out PS I complex may offer certain
advantages over solvent-extracted PS I, but with the caveat that to
obtain a functional PS I complex, the FX cluster must be reconstituted
and the PsaC, PsaD and PsaE proteins must be rebound [231].
In summary, it is surprising that so few structural features are
required for a quinone to bind in the A1A and, by inference, A1B,
binding site(s) in PS I. The sites can accommodate single ring
benzoquinones, double ring naphthoquinones, and triple ring anthra-
quinones, albeit with different afﬁnities. Plastoquinone-9 can be
displaced by substituted naphthoquinones, while anthraquinone can
be washed entirely from the A1A site. The incorporation of 2-methyl-
1,4-naphthoquinone in the menB null mutant and demethylphyllo-
quinone in themenG null mutant shows that the 3-phytyl tail and the
2-methyl group are each independently dispensable, and the
incorporation of plastoquinone-9 into the A1A/A1B sites shows that
the phytyl binding site is ﬂexible enough to accommodate a tail over
twice as long. The incorporation of 1,4-naphthoquinone into solvent-
extracted PS I shows that the phytyl tail and themethyl group are both
dispensable, although the head group may have a variety of
orientations. Even native phylloquinone can undergo self-exchange
with isotopically labeled phylloquinone. The question remains
whether the H-bond to the phylloquinone is even necessary. Before
we address this issue, we ﬁrst examine the evidence for the presence
of a single H-bond to the phylloquinone in PS I.
4.1.2.4. Strength and number of H-bonds to the A1A phylloquinone.
The single H-bond between the protein and the phylloquinone
depicted in the 2.5 Å X-ray crystal structure of cyanobacterial PS I
spans a distance of 2.69 Å from the backbone nitrogen of L722PsaA to
the carbonyl O at C4 of the phylloquinone ring (see Fig. 4). Similarly, a
H-bond spans 2.75 Å from the backbone nitrogen of L706PsaB to the
carbonyl O at C4 of the phylloquinone ring in the A1B site. The O atoms
of S692PsaA and S672PsaB are too distant at 3.28 Å and 3.36 Å and at too
acute an angle to provide H-bonds to the carbonyl O at C1 of the
phylloquinone rings in the A1A and A1B sites, respectively. However,
the X-ray crystal structure depicts the ground state; ENDOR studies ofFig. 11. Valence bond scheme for a single dominant H-bond is depicted for the semiquinone π
with the unpaired π-electron spin located at quinone ring positions: 4, 2, and O1 (right to lphotoaccumulated PS I have suggested a second H-bond to the
photoaccumulated phyllosemiquinone anions in the A1A and A1B sites
[60,145,146]. Could there be movement of the phylloquinone so that a
second H-bond is formed after reduction? To answer this question, we
turn to a strategy of mapping the electron spin density around the
phyllosemiquinone ring.
The average spin density for a symmetry-related ring position
in a semiquinone is higher in a protic (i.e. isopropanol) than in an
aprotic (i.e. 2-methytetrahydrofuran) solvent. This is because in
protic solvents, the partial electron withdrawal by the two identical
H-bonds removes a portion of the electron spin density at the C1
and C4 carbonyl O atoms. In the A1A and A1B sites of PS I, the
presence of a single H-bond to the phylloquinone would result in a
distinctively different pattern of electron spin densities than in
isotropic solution. A simple valence bond model can be invoked to
correlate asymmetric H-bonding to the two carbonyl groups with
the observed asymmetric and alternating spin density distribution
around the naphthosemiquinone ring. As shown in Fig. 11, the
negative charge at the (O4) oxygen atom resulting from the partial
positive charge associated with a single H-bond to the quinone
carbonyl group at C4 is further increased at the cost of the charge
in the ring as well as at O1. In agreement with the possible
resonance structures, the spin density will shift to higher values at
the position C4, and at the alternating positions C2, C9, and O1. At
the odd ring positions, C1, C3, and C10, the spin density will shift to
lower values. The presence of the methyl group at C2, a high spin
center, presents a test of this model because the 1:3:3:1 splittings
that are predicted to arise from the nuclear-electron hyperﬁne
interactions would be especially prominent. As a result, the axial
hfc from the methyl group is partially resolved and can be seen in
X-, Q- and W-band spectra of photoaccumulated A1− [233]. The
dominant hyperﬁne axis points in the direction of the gyy tensor
axis; hence, the splittings are observed largely in the midﬁeld
region. Evidence for a relatively large hfc can also be observed by
transient EPR at X-band as the notable feature at 345.2 mT and the
minor features at 344.7 mT and 346.0 mT (Fig. 10). The principal
values of this hfc, measured in a static photoaccumulated phyllo-
semiquinone radical by CW ENDOR spectroscopy [145] were found
to be all=12.8 MHz and a⊥=9.1 MHz, and in a ﬂash-induced
spin correlated radical pair by transient ENDOR were found to be
all=12.3 MHz and a⊥=8.8 MHz [162]. The two values are similar,
but not identical, and the difference may be due to the electrostatic
ﬁeld generated by FA−, FB− and FX− in photoaccumulated PS I (all ofwhich
are in the ground state in the transient EPR measurement). These
values are considerably larger than the all=10.0 MHz and
a⊥=6.8 MHz measured for the phylloquinone radical in vitro in
alkaline ethanol [145]. They are also at least twice as large as the values-radical anion part of the charge-separated state. Three resonance structures are shown
eft).
Fig.12. Comparison of spin polarized transient EPR spectra of the P700+ A1− radical pair
state of PS I particles from the menB null mutant at X-band and 80 K. Top: the PQ-9
recruited into the A1 site of menB PS I has been exchanged with 2-methyl-1,4-
naphthoquinone (solid line), 2-methyl-1-13C-1,4-naphthoquinone (dotted line) and
2-methyl-4-13C-1,4-naphthoquinone (broken line). Middle: X-band experimental
polarization pattern (solid line) of the P700+ A1− radical pair state of PS I particles with
2-methyl-4-13C-1,4-naphthoquinone in the A1A-binding site is compared with simula-
tions obtained by varying the AZZ values. Bottom: X-band experimental polarization
pattern (solid line) of the P700+ A1− radical pair state of PS I particles with 2-methyl-1-13C-
1,4-naphthoquinone in the A1A-binding site is compared with simulations obtained by
varying the AZZ values.
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tion center consistent with a more asymmetric H-bonding pattern in
PS I. From this data, the H-bonding pattern of the phyllosemiquinone
radical would agree with a single dominant backbone H-bond to the
oxidized phylloquinone found in the X-ray structure. This conclusion
was substantiated by Fourier transform infrared spectroscopic studies
of the vibrational band attributed to the carbonyl bond stretching
[234]. For 18O labeled phylloquinone incorporated into the menB null
mutant, a 14 cm−1 downshift of a positive band at 1495 cm−1
(assigned to the phyllosemiquinone radical [235]; for a detailed
review of assignments see [236]) is observed. Such a downshift is
predicted from DFT calculations for an asymmetric H-bonded
phylloquinone. Furthermore, the non H-bonded carbonyl group was
identiﬁed as C1–O1 from the 28 cm−1 downshift observed for the
positive band at 1654 cm−1 (assigned to a neutral phylloquinone
[235]). However, to conﬁrm the occurrence and signiﬁcance of a single
H-bond, the spin density distribution in other relevant ring positions
needed to be measured.
As indicated earlier, 2-methyl-1,4-naphthoquinone occupies the
A1A site in the menB null mutant with the same orientation as
phylloquinone in wild-type PS I [165,172]. This ﬁnding opens the
possibility of introducing isotopically-labeled quinones into the A1A
site for the purpose of mapping the electron spin distribution
around the naphthoquinone ring. 2-methyl-1,4-naphthoquinone is a
perfect choice for this study because the lack of the phytyl tail
reduces the inhomogeneous linewidth broadening, making the hfc
tensor more pronounced than in phylloquinone (Fig. 10). A primary
motivation for this work is that it allowed for an accurate test for
the number of H-bonds to the phylloquinone in the A1A site. A
secondary motivation was that predictions of electron spin density
distribution in the phyllosemiquinone radical based on density
functional theory (DFT) were becoming available, and the experi-
mental veriﬁcation of the theoretical calculations were considered
timely. Even though the highest spin density would be expected on
the carbonyl C and O atoms, the hyperﬁne tensor values of isotope-
labeled 17O nuclei are, unfortunately, relatively insensitive to H-bond
induced changes in the π electron spin density of aromatic rings
[237]. Hence, when 17O-substituted 2-methyl-1,4-naphthoquinone
was exchanged into PS I from the menB variant, the small asymmetry
simply conﬁrmed that the 17O hyperﬁne coupling tensor is not a
reliable marker for the presence of the H-bond. The next best choices
are the carbonyl C4 to measure a proposed high spin density position
and carbonyl C1 to measure a proposed low spin density position. By
incorporating 2-methyl-1,4-naphthoquinone labeled with 13C at C1
and C4, 13C hyperﬁne coupling parameters and spin densities at these
carbon ring positions could be determined.
The Q-band spin polarized transient EPR spectra of the P700+ A1A−
radical when plastoquinone-9 in PS I from the menB null mutant is
exchanged with 2-methyl-1,4-naphthoquinone, 2-methyl-4-13C-1,4-
naphthoquinone, and 2-methyl-1-13C-1,4-naphthoquinone exhibit the
same overall polarization pattern as phylloquinone in the A1A site
[172,238]. The isotopically substituted naphthoquinones therefore
occupy the same site with an orientation similar to the native
phylloquinone inwild-type PS I [239]. Fig. 12 (top) shows a comparison
of the spin polarized transient EPR spectrum at X-band of the P700+ A1A−
radical when PS I from the menB null mutant is exchanged with 2-
methyl-1,4-naphthoquinone (solid line), 2-methyl-1-13C-1,4-naphtho-
quinone (dotted line), and 2-methyl-4-13C-1,4-naphthoquinone
(dashed line). There are number of interesting differences between
the labeled and unlabeled samples. First, the spectral patterns for the
two 13C-labeled naphthoquinones both cover a wider ﬁeld range than
does unlabeled 2-methyl-1,4-naphthoquinone. This is a consequence of
the partially resolved hyperﬁne contributions from the 13C nucleus.
Second, the 4-13C-labeled pattern extends further on the high ﬁeld side
than the 1-13C-labeled pattern. This reﬂects an increase in the out-of-
plane AZZ component of the 13C hfc tensor for the 4-13C-labeled sample
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downﬁeld parts of the spectrum). Third, the partially resolved hyperﬁne
coupling becomes more complex due to the additional 13C hyperﬁne
splittings. With this information, the electron spin distribution over the
quinone ring can be determined by employing numerical simulations
[240].
Accurate spectral simulations were ﬁrst carried out for phylloqui-
none and for 2-methyl-1,4-naphthoquinone substituted into the A1A
site [165]. The inﬂuence of each individual 13C hfc tensor component
is judged by systematically varying each g-tensor component
independently. Fig. 12 depicts the X-band experimental polarization
pattern for the P700+ A1A− radical pair when the AZZ component is varied
with 2-methyl-4-13C-1,4-naphthoquinone (middle) and 2-methyl-1-
13C-1,4-naphthoquinone (bottom) in the A1A site [238]. As to be
expected from the proposed alternating spin density distribution,
large AZZ values are required to simulate the 2-methyl-4-13C-1,4-
naphthoquinone spectrum and small AZZ values are required to
simulate the 1-methyl-1-13C-1,4-naphthoquinone spectrum. It is
apparent in the case of the 4-13C-labeled sample that the broad,
emissive high ﬁeld feature is mostly affected. The AXX and AYY values
were also varied, and through an iterative procedure, the best 13C
hyperﬁne tensor components were determined. A number of points
can be made from the values tabulated in Table 2. First is that the 13C
hyperﬁne tensor parameters exhibit a large asymmetry with respect
to the two carbonyl groups, which is consistent with only a single H-
bond to the A1A phyllosemiquinone as depicted by the valence bond
model in Fig. 11. The presence of a second H-bond to A1A is clearly not
supported by the transient EPR data, with the result that the H-
bonding pattern of the X-ray crystal structure applies not only to the
ground state but also to the semiquinone radical. (Although the A1B
phyllosemiquinone is inaccessible to measurement by transient EPR,
it is almost certain that the same pattern of H-bonding will be
present.) Second is that the asymmetry is most pronounced for the
AZZ component with a value of 40 MHz for the C4-O4 group with the
H-bond to Leu722PsaA vs. 8 MHz for the C1–O1 group without the H-
bond. Third is that these values are very different from the nearly
equivalent 13C hfc tensor parameters for the 2-methyl-4-13C-1,4-
naphthoquinone radical in isotropic frozen solution, which forms
equal H-bonding at the two carbonyl groups. Finally, the agreement
between the experimental and the most recently calculated hfc
tensor parameters is satisfactory, although for the high-spin-density
13C position associated with the H-bonded carbonyl the hfc tensor is
underestimated in the DFT calculations. Since only the Leu residue
with the backbone H-bond to the C4–O4 group is considered in the
calculations, there are bound to be limitations in the theoretical
analysis of spin density.
4.2. Selective alteration of the protein and pigment environment
The enormous difference in the midpoint potential of plastoqui-
none-9when present in the A1A site of PS I (menB null variant) and the
QA site of PS II clearly indicates the importance of understanding howTable 2
13C hfc tensor data for selectively isotope labeled quinone in the A1 site of PS I compared w
values are given (the values in parenthesis represent the approximate error).
Quinone, system 13C hfc tensor (MHz)
C1 position
AXX AYY AZ
Frozen solution (isopropanol) |10|(2.0) |10|(2.0) |3
−10.9 −13.3 +
2-methyl,1,4-Naphthoquinone in PS I (DFT) |15|(2.0) |15|(2.0) |8
−16.6 −20.4 +
−13.4 −16.8 +
−15.3 −19.0 +the protein modulates the functional properties of quinones in
bioenergetic systems. A profound effect of the various environmental
interactions were observed in a recent Fourier transform infrared
spectroscopic study in which the removal of PsaC, PsaD, PsaE and FX
resulted in subtle changes in the binding pocket, leading to alterations
in the vibrational frequency of the phylloquinone. The shift in the
frequency is consistent with asymmetric H-bonding, π-stacking and/
or electrostatic interactions [236]. The contribution of the protein
environment to the thermodynamic properties of the phylloquinones
can be further probed by changing the environment of the A1A and A1B
binding sites using mutagenesis. There are four principal targets for
study: i) the H-bonded Leu residue, ii) the π-stacked Trp residue, iii)
the nearby lipophilic carotenoids, iv) a change in the global
environment of the A1A and A1B binding sites through subunit
deletion mutagenesis, and (v) nearby charged residues (discussed in
Section 2.3). We shall review each of these in turn.
4.2.1. The role of the H-bond to the A1A and A1B phylloquinones
Continuing the theme of how protein–cofactor interactions relate
to and control the functional properties of the phylloquinone in PS I,
we now examine the role of the H-bond. At ﬁrst sight, the H-bond to
the A1A and A1B phylloquinones appears at odds with the requirement
that PS I produce an extremely low redox potential on the acceptor
side. In a H-bond, charge redistribution occurs between the H-bonded
partners such that electron density is withdrawn from the quinone
ring. This stabilizes the reduced form of the (semi)quinone relative to
the non-reduced form, thereby raising the redox potential to a higher
(i.e. more positive) value. Because every H-bond to a quinone carbonyl
group will shift the redox potential to a more positive value [239], it is
appropriate that QA and QB in PS II are bound by two H-bonds, rather
than just one, to the protein. In PS I, however, the protein environment
must drive the midpoint potential of each phylloquinone even lower
(i.e. more reducing) than would otherwise be necessary to compen-
sate for the effect of the H-bond. This raises the question of why there
even exists a H-bond to the PS I phylloquinones.
We ﬁrst need to consider howmuch a H-bond is worth in terms of
altering the midpoint potential of a quinone. A H-bond contributes as
little as +50 mV according to electrostatic calculations [83] and as
much as +250 mV according to DFT calculations [173]. The
experimental problem with PS I is that it is difﬁcult to alter the H-
bond because it is from the carbonyl oxygen of the quinone to the
backbone nitrogen of Leu722PsaA/Leu706PsaB. An alternative in vitro
strategy of relating H-bond strength to midpoint potential was
devised that involved synthesizing amine-substituted naphthoqui-
nones that contain one or two internal H-bonds. The placement of a
substituted amine group at one or both peri positions (a substitution
in a naphthoquinone at C5 and C8), was justiﬁed by DFT calculations,
which showed negligible electron spin density in the phylloquinone
radical at those positions (see [238]). A series of 11 phylloquinone
derivatives were synthesized, each lacking the extended phytyl side
chain but featuring H-bond donor amides [241]. A good correlation
was found between IR frequency and NMR peak position (which areith those in isotropic solution. Data from DFT calculations are also shown. The absolute
Ref.
C4 position
Z AXX AYY AZZ
0|(2.0) |10|(2.0) |10|(2.0) |30|(2.0) [172]
29.0 −10.5 −12.8 −30.3 [176]
[177]
.0|(2.0) b |10.5|(2.0) b |10.5|(2.0) |40|(2.0) [172]
[238]
1.5 −12.2 −15.1 +22.0 [173]
9.9 −10.6 −13.3 +26.0 [174]
1.8 −9.7 −12.2 +32.7 [176,177]
Fig. 13. The X-band transient EPR spectrum of the wild-type (top) and L722WPsaA
mutant (middle) before (solid) and after (dotted) chemical reduction recorded at 80 K.
The reduction with 10 mM sodium dithionite was carried out under anaerobic
conditions in the dark at room temperature. Note that the signal intensity of the wild-
type spectrum increases upon reduction while that of the mutant decreases. A
comparison of the reduced L722WPsaA spectrumwith the difference spectrum (reduced
minus non-reduced) of the wild-type is shown in the bottom.
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potential. Depending on the electron withdrawing capability of the
substituent on the amine, the phylloquinone reduction potential was
driven positive (i.e. more oxidizing) by as little as +76 mV or by as
much as +207mV. The ability of the single H-bond in PS I to drive the
phylloquinone more oxidizing by +100 mV is therefore within
reason. Although extrapolation from these model compounds to the
protein-bound quinones in PS I and PS II must be undertaken with
caution, the data conﬁrm that N–H–OfC hydrogen bonds make the
quinones more easily reduced, and that simultaneous N–H–OfC
hydrogen bonding to both quinone carbonyls makes the quinones
even more easily reduced than simple additivity might suggest. This
latter ﬁnding may have implications for the two H-bonds to the
plastoquinone-9 in the QA site of PS II.
One hint for the purpose of the H-bond comes from a very recent
experiment that was carried out with the aim of selectively displacing
the A1A and A1B phylloquinones in PS I [242,243]. The substitution of
Trp for Ala260M, which is H-bonded to plastoquinone-9 in the
bacterial reaction center precludes its binding by partially occupying
the QA site [244,245]. It was anticipated that the substitution of Trp for
Leu722PsaA, which is H-bonded to phylloquinone would similarly
preclude its binding to the A1A site in PS I. Contrary to expectation, the
L722WPsaA variant was able to bind phylloquinone quantitatively in
the A1A site. The Q-band electron spin polarized transient EPR
spectrum at 80 K showed that the orientation of phylloquinone was
unaltered when compared to wild-type PS I. The X-band transient EPR
spectrum at 80 K was particularly interesting in that the pronounced
1:3:3:1 hyperﬁne coupling from the 2-methyl group was absent.
Given that the high electron spin density at C2 of phylloquinone is a
function of the H-bond, themost reasonable explanation is that the H-
bond is signiﬁcantlyweakened [243]. One consequence of aweakened
H-bond is that the midpoint potential of the phylloquinone in the
L722WPsaA variant should be lower (more reducing) than the wild-
type. Assuming that A1A to FX electron transfer is in the normal region
of theMarcus curve, an increase in the redox potential would translate
to an increase in the rate of forward electron transfer. Indeed, when
the kinetics of A1A− oxidationweremeasured at 260 K by transient EPR,
the rate was faster by one order of magnitude [246]. If we assume
equal extinction coefﬁcients for the A- and B-side phyllosemiquinone/
phylloquinone redox couple, time-resolved optical spectroscopy
shows that the ratio of electron transfer through the A-side cofactors
and the B-side cofactors is ∼3:1 in cyanobacteria. Transient EPR
experiments at 80 K detect only the A-side electron transfer arising
from the P700+ A1A− radical pair. According to the current paradigm, the
thermally uphill electron transfer from A1A− to FX is blocked at low
temperature, causing the electron to continually cycle between P700
and A1A. The B-side, electron transfer from A1B− to FX remains
thermodynamically downhill, permitting forward electron transfer
to the iron–sulfur clusters. Because the P700+ [FA/FB]− charge-separated
state is irreversible, electron transfer through the B-side cofactors is
complete after the ﬁrst few ﬂashes. After adding sodium dithionite at
pH 10 to wild-type PS I, which allows for the chemical reduction of FA
and FB, the signal intensity increases by about 25%, an enhancement
that can be attributed to the added contribution of B-side electron
transfer (Fig. 13 top). Presumably, the electron transfer from A1B to FX
is blocked (see below) with the net result that the electron on the B-
side is also trapped in a cycle similar to that of the A-side. This allows
the observation of the P700+ A1B− radical pair in addition to the P700+ A1A−
radical pair, and results in a more intense signal. Fig. 13 middle shows
the transient EPR signal before and after the addition of sodium
dithionite at pH 10 to PS I from the L722WPsaA variant. Not only has the
signal decreased in intensity to about 25% that of the wild-type, but
the promiment 1:3:3:1 hyperﬁne splitting have reappeared. An
attractive hypothesis to explain these results is that when the H-
bond is weakened, chemical reduction of the FA and FB clusters also
leads to the double reduction of the A1A phylloquinone in theL722WPsaA variant. This would eliminate the transient EPR signal
derived from the P700+ A1A− radical pair. One additional constraint is
required to observe the P700+ A1B− radical pair, which is that the
forward electron kinetics from A1B− to FX would need to be slowed
so as to appear in the relatively narrow EPR time window. This
could occur if the electrostatic effect of reduced FA− and FB− would
drive the midpoint potential of FX more reducing, thereby
producing a smaller free energy gap between A1B and FX. The
hypothesis that the transient EPR signal with recovered hyperﬁne
couplings represents electron transfer along the B-side cofactors is
subject to experimental veriﬁcation. It is known that the P700+
cation resides asymmetrically with the majority of the charge on
the Chl a ligated by the PsaB protein [41–43]. The Q-band transient
EPR spectra is sensitive to the orientation of the vector zd, which
connects the centers of P700+ and A1− relative to the g-tensor axes of
P700+ in the two radical pairs (see Fig. 6). The Q-band transient EPR
spectrum of the dithionite-reduced L722WPsaA variant shows a
marked change when compared to the non-reduced wild-type
sample (Fig. 14) with the overall spin polarization pattern changing
from E/A/A/E/A to E/A/E/A/E. Because no other factors have been
altered, the observed change of polarization pattern must be a
direct result of the change in the orientation of the vector zd. This
spectrum can be simulated in one of two ways: i) charge
separation occurs between P700+ and A1B− in which the cation
remains on the Chl a ligated by the PsaB protein, or ii) charge
separation occurs between P700+ and A1A− in which the cation moves
to the Chl a′ ligated by the PsaA protein. These two possibilities,
Fig. 14. Top: simulations of the Q-band transient EPR spectrum for the radical pairs
P700+ A1A− and P700+ A1B− . Bottom: experimental Q-band transient EPR spectrum of wild-type
(dotted) compared with L722WPsaA mutant (solid) with the terminal iron–sulfur
clusters reduced. The polarization pattern changes from E/A/A/E/A to E/A/E/A/E. The
spectrum of the L722WPsaA mutant with the terminal iron–sulfur clusters reduced in
the bottom panel is identical to the spectra simulated for the P700+ A1B− radical pair in the
top panel.
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show the prominent 1:3:3:1 hyperﬁne couplings (because the B-
side cofactors are unchanged), whereas the latter would lack the
prominent 1:3:3:1 hyperﬁne coupling (because of H-bond to the A-
side phylloquinone is weakened). Thus, the transient EPR spectrum
shown in Fig. 14 represents a pure Q-band spectrum of the P700+ A1B−
spin correlated radical pair. A comparison of the X-band spectrum
of reduced L722WPsaA and the difference spectrum of reduced and
the non-reduced wild-type (Fig. 13 bottom), both of which indicate
similar hfc and polarization pattern, adds strength to the above
conclusion. Recall that a block in A-side electron transfer in
photoaccumulated PS I from T. elongatus also resulted in a pure W-
band spectrum of the P700+ A1B− spin correlated radical pair [168]. The
weak H-bond potentially enables the carbonyl O at C4 to accept a
proton easily. One attractive hypothesis is that the function of the
H-bond is to tie up the carbonyl oxygen group so that it is not
susceptible to protonation during the formation of the phyllose-
miquinone radical. Were protonation to occur, a second electron
reduction would become energetically feasible, resulting in a
phyllohydroquinone that would be trapped in a high potential
well and not able to pass the electron against a large thermo-
dynamic gradient in either the forward or backward direction. If
this line of thinking is correct, the purpose of the H-bond is to tie
up the carbonyl group so that protonation cannot occur during
periods of high intensity illumination.4.2.2. The π-stacked Trp residue
The Trp residues in van der Waals contact with the phylloquinones
in the A1A and A1B sites (Fig. 4) were among the ﬁrst targeted for
mutagenesis. The inter-planar distances between the quinone ring
and the indole ring is between 3 Å and 3.5 Å from the X-ray crystal
structure [33,247] and 3.7 Å from ESEEM studies [143]. According to
quantum chemical calculations, the presence of the π-stacked Trp
residues should result in a −50 to −150 mV shift of the midpoint
potential of phylloquinone [105]. Partial or total removal of the π
overlap by changing the Trp to a Phe or Ala residue should result in a
lower Gibbs free energy difference between A1 and FX. Assuming that
electron transfer between A1 and FX is in the normal region of the
Marcus curve, this should result in a slower rate of oxidation of the
phyllosemiquinone anion. The idea is that if the ∼200 ns kinetic phase
were due to A-side electron transfer, then alteration of the W693PsaA
to Phe should affect the slow, and not the fast, kinetic phase; similarly,
if the ∼15 ns kinetic phase were due to B-side electron transfer, then
alteration of W673PsaB should only affect the fast, and not the slow,
kinetic phase. Redding et al. [53] generated the single and double
mutants W693FPsaA, W673FPsaB, and W693FPsaA/W673FPsaB in C.
reinhardtii and measured the rate of forward electron transfer from
A1− to FX in whole cells using pump-probe optical spectroscopy. In the
W693FPsaA variant, the 143 ns lifetime of the slow component was
slowed to 490 ns, while the fast component remained relatively
unaffected. In the W673FPsaB variant, the 13 ns lifetime of the fast
component was slowed to 73 ns, while the slow component remained
relatively unaffected. In a W693FPsaA/W673FPsaB double variant, the
fast and slow kinetic phases were both affected. It should be noted
that for the W673FPsaB variant, the time constants were obtained by
force ﬁtting the time constants obtained for the double mutant (fast
phase only) and the PsaA-branch variant (slow phase only). Even
though the lifetimes of the two components varied in a complemen-
tary fashion, the ratio of the fraction of PS I associated with each
component did not change. This would be the expected result if there
were no redirection of electrons through the alternate branch. The
straightforward explanation is that the two kinetic phases represent
the electron transfer via the two branches of cofactors and that an
alteration in a given branch only affects the electron transfer through
that branch. This conclusion is eminently reasonable given that the
ratio of A-branch to B-branch electron transfer has most certainly
been decided by the time the electron reaches the A1A and A1B
phylloquinones. These results strongly support the proposal of Joliot
and Joliot [117] that the two kinetic phases represent the electron
transport through the two bifurcating pathways of electron transfer
cofactors in PS I. A study of the decay of the electron spin polarized
signal arising from the radical pair in the variants where the π-stacked
Trp residue W693PsaA was replaced with His and Leu residues [147]
showed a trend toward a slowing of electron transfer similar to that
seen in the Phe variants. Comparable results were noted in Synecho-
cystis sp. PCC 6803, only in addition to the π-stacked W697PsaA and
W677PsaB residues, the S692PsaA, S672PsaB, R694PsaA and R674PsaB
residues that are involved in a near-continuous hydrogen bond
network from A0 to FX were also modiﬁed [109,110]. In the A-side
variants, transient EPR as well as time-resolved optical spectroscopy
showed that the slow kinetic phase became slower whereas the fast
kinetic phase was unchanged. In the B-side variants, time-resolved
optical spectroscopy showed that the fast kinetic phase became
slower whereas the slow kinetic phase was unchanged. (Unfortu-
nately, the fast kinetic phase was not slowed sufﬁciently to be within
the timewindow of transient EPR spectroscopy.) This work conﬁrmed
that transient EPR detects electron transfer along the A-side cofactors,
a conclusion reached also in refs. [147,248]. EPR and ENDOR spectro-
scopy provided data about the local environment of the cofactors in
the variants. Spin polarized transient EPR spectra of the P700+ A1A−
radical pair showed no changes in the orientation of the observed
phyllosemiquinone. Pulsed ENDOR spectra, however, showed a 5%
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in W697FPsaA variant. Studies of charge recombination kinetics in the
Trp to Phe mutants in C. reinhardtii [248] show that the replacement
causes an increase in the redox potential of A1 by an estimated 60 mV.
Because the pathway of charge recombination is still an open
question, a direct comparison with the former study that follows
forward electron transfer from A1 to FX is not possible. Nevertheless,
both studies point to a decrease in the driving force or an increase in
the midpoint potential of the quinone resulting from the stabilization
of the semiquinone. This stabilization was reﬂected as changes in the
methyl hfc features in the transient EPR spectra of P700+ A1A− [110,248]
and the Q-band CW EPR spectra of photoaccumulated A1A− [110]. These
changes are consistent with an alteration in the spin density
distribution around the phylloquinone ring that could result from a
difference in the degree of π stacking.
Theoretical studies have shown that a neutral quinone and an
indole molecule prefer the π-stacked arrangement while a semiqui-
none radical anion prefers a T-stacked conﬁguration with signiﬁcant
N–H… π hydrogen bonding interaction [105]. Phylloquinone however
maintains its π-stacked orientation even upon reduction [144]. It had
been widely thought that the orientation of phylloquinone was ﬁxed
by its extended tail; however, quinone replacement studies with 2-
methyl-1,4-naphthoquinone showed that this is not the case [172]. For
a ﬁxed arrangement, the extent of intermolecular π–π interaction is
smaller upon one-electron reduction and could therefore lower the
redox potential of the P700+ A1− radical pair. A recent theoretical analysis
of the protein environment surrounding the phylloquinone suggests
that the contribution may not be as profound as the+50 to +150 mV
originally suggested [105]. In fact, the contribution could be as little as
−27 mV [83].
4.2.3. Phytoene desaturase and ζ-carotene desaturase mutants
Any lingering doubt about the involvement of B-side cofactors in
cyanobacterial electron transfer was eliminated in a set of genetic
deletion mutants that uncovered discrete spectroscopic markers for
A- and B-side electron transfer. The reduction of the phylloquinone in
PS I is accompanied by absorbance changes centered at 450 nm and
500 to 510 nm that has been attributed to electrochromic band shifts
from nearby carotenoidmolecules. According to the 2.5 Å X-ray crystal
structure, several carotenoids with different orientations and conﬁg-
urations, and modeled as β-carotene are present in the immediate
vicinity of each of the two phylloquinones. If both branches of the
electron transport chain were active, then each of the phylloquinones
should exhibit electrochromic shifts of two different sets of carote-
noids, the absorption spectra of would be slightly different. Bautista et
al. [52] deleted the zds and pds genes that encode the enzymes
phytoene desaturase and ζ-carotene desaturase, respectively, in Sy-
nechocystis sp. PCC 6803. The resulting zds and pds null mutants
contain phytoene and ζ-carotene, respectively, both of which absorb
light of shorter wavelengths than β-carotene. The decay associated
spectra of the wild-type showed a pronounced second derivative type
signal centered at 450 nm for both the fast and the slow components,
in agreement with refs. [113,117]. However, an additional derivative
type signal centered at 500 nm and 506 nmwas observed for the slow
and the fast phases respectively. Compared with wild-type, the (A1−
FeS) minus (A1 FeS−) difference spectra of the variants retain the
electrochromic band shift centered at 450 nm but show a complete
loss of the electrochromic band shifts centered at 500–510 nm,
indicating that only the latter arise from β-carotene. The absence of
these features reﬂects either the absence of the carotenoids from the
binding pocket or the introduction of modiﬁed carotenoids into the
binding site. There are structural features of the carotenoids
associated with the PsaA and PsaB sides of PS I that account for the
observed difference. Two β-carotenefam carotenoids (β-carotene
family: cis and trans isomers of zeaxanthin, β-cryptoxanthin and
iso-cryptoxanthin) with cis double bonds are found near thephylloquinone on the PsaA side, whereas only one is found on the
PsaB side. On the PsaA side, there is a 9,13-di-cis located at a distance
of 19 Å from A1A (edge-to-edge distance) and a 13-cis β-carotenefam
carotenoid 25 Å away. On the PsaB side, the only cis β-carotenefam
carotenoid found near phylloquinone bound by PsaB is 9-cis, located
22 Å distant. The carotenoid pigments in the zds and pds null mutants
therefore exist in different environments on the A- and B-sides
contributing to the 6 nm blue shift between the fast and the slow
phase, and provide a set of spectroscopic markers to distinguish the
two-electron transfer pathways. They conﬁrm the involvement of
both of the A1A and A1B phylloquinones in room temperature electron
transfer in cyanobacteria. One interesting detail is that both phases of
forward electron transfer were slightly slower, and that the back-
reaction between P700+ and [FA/FB]− was slightly faster in the mutant
strains. According to Marcus theory, these changes correspond to an
increase in themidpoint potential of the phylloquinones by 16mV and
8 mV, in PS I complexes from the zds and pds null mutants,
respectively. This makes the carotenoids an additional, albeit minor,
contributing factor to the low midpoint potential of the A1A and A1B
phylloquinones, a role for these molecules which was not previously
known.
4.2.4. Redirecting electron transfer through the alternate branch
The Chl molecules identiﬁed as the primary acceptors, A0A and
A0B, each form a H-bond with a nearby Tyr residue. A H-bond would
be expected to withdraw electron density and thereby stabilize the
reduced form (anion) of Chl, with the result that the midpoint
potential should be driven more positive (i.e. more oxidizing). In a
probe of the function of these H-bonds, Y696PsaA and Y676PsaB were
individually altered to a Phe in the green alga C. reinhardtii [54].
Data from transient optical absorption and transient EPR spectro-
scopy showed that the loss of the H-bond to A0A increased the
fraction of the fast (τ=15 ns) kinetic phase attributed to A1A−
oxidation at the expense of the slow (τ=200 ns) kinetic phase,
while the loss of the H-bond to A0B increased the fraction of the
slow kinetic component at the expense of the fast kinetic
component. This result was interpreted as a decrease in the relative
use of the modiﬁed branch, i.e. the electrons were partially
redirected along the unmodiﬁed branch. A ‘branch competition
model’ was thereby invoked to explain the redirection in which the
relative use of each branch and the generation of the initial radical
pair would be governed by the energetic and coupling parameters of
the cofactors within each branch. In a recent extension of this work
[62], a double mutant was generated that combined the loss of the
H-bond to A0A (Y696FPsaA) with alterations near the A1A phylloqui-
none (S692APsaA, W697FPsaA). In the single mutants (S692APsaA and
W697FPsa), the slow kinetic phase attributed to A1A− oxidation was
lengthened without affecting either the lifetime or relative ampli-
tude of the fast kinetic phase attributed to A1B− oxidation. In the
double mutants (Y696FPsaA/S692APsaA and Y696FPsaA/W697FPsaA)
not only was the slow kinetic phase lengthened, but its amplitude
was diminished. Hence, changes in the vicinity of the A0A and A1A
(A0B and A1B) sites appear to be additive. One interesting ﬁnding
was that a component with a lifetime of ∼180 ns was uncovered as
a result of the altered slow kinetic phase. This component was
previously reported in the Y696FPsaA variant of the A1A binding
pocket and attributed to forward electron transfer between the
iron–sulfur clusters FX and FA/B [249]. This could only be possible if
the oxidized-minus-reduced difference spectra of FX/FX− and FA/FA−
were different, a ﬁnding reported earlier [250], but not exploited
until this recent work. In wild-type PS I, forward electron transfer
from FX to FA/FB is masked because its lifetime is comparable to
electron transfer from A1A to FX [118].
The change in the relative amplitudes of the two kinetic phases is
difﬁcult to explain within the currently accepted paradigm that the
initial charge separation occurs between P700 and A0A (A0B), followed
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new model for the initial charge separation that was derived from an
analysis of ultrafast transient absorbance experiments on PS I [40]. In
this model, light-induced charge separation is postulated to occur
between AA (AB) and A0A (A0B) (see Section 1.1). Bidirectional electron
transfer was not discussed in Ref. [40] but is readily incorporated into
this model by supposing that a statistical mix of charge separation can
occur in either branch from the excited states of the six excitonically
coupled core Chls. If charge separation is completely reversible, then a
change in the forward and reverse rates in one branch quite naturally
leads to a relative increase in charge separation in the other branch.
The implication is that the lowering of the midpoint potential of A0A
byweakening the H-bond toTyr696PsaAwould be expected to shift the
charge separation toward the PsaB branch of electron transfer
cofactors because it is energetically more favorable, thereby repre-
senting a deeper energy trap.
4.2.5. PsaF and PsaE/PsaF subunit deletion mutants
The ﬁrst attempt to assign the photoaccumulated EPR signal of
‘A1−’ to one of the two phylloquinones pre-dates the 2.5 Å resolution
X-ray crystal structure of cyanobacterial PS I [251]. The early 4 Å
resolution X-ray crystal structure showed that the polypeptides
comprising PS I were assembled asymmetrically with respect to C2
axis of symmetry. It was thought that the selective removal of
certain small polypeptides might affect the ability to carry out the
delicate low temperature photoaccumulation process and thereby
disclose the location of ‘A1−’ on either PsaA or PsaB. The approach
was to delete the low molecular mass subunits PsaE, PsaF and PsaI
through PsaM and to measure the properties of the photoaccumu-
lated radical at 35 GHz, where the g-anisotropy of a Chl radical and
a phyllosemiquinone radical can be distinguished. The results
showed that the characteristic anisotropic EPR spectrum of ‘A1−’
was photoaccumulated in all mutant PS I complexes isolated with n-
dodecyl-β-D-maltopyranoside. The same was true for most mutant
PS I complexes isolated with Triton X-100 with the exception of the
psaF and psaE/psaF null mutants, in which A0− was photoaccumu-
lated [251]. Spin quantitations carried out on the variants indicated
that at most one ‘A1−’ radical could be photoaccumulated per PS I
and that any additional spins originated from ‘A0−’. The absence of
‘A1−’ and the presence of ‘A0−’ in the psaF (and psaE/psaF) null
mutants were explained by the protonation and secondary reduc-
tion of the semiquinone anion radical, which was made solvent-
accessible by removal of the PsaF polypeptide and by exposure to
Triton X-100. The latter was proposed to remove the Chl and β-
carotene molecules that coat the binding pocket of the phytyl tail of
the phylloquinone molecule and result in a channel for water (and
protons). Because only the loss of the PsaF (or PsaE and PsaF)
polypeptides affected the spectroscopic properties of ‘A1−’, the
binding site of the redox-active phylloquinone was assigned to
the (non-primed) n-helices on the electron density map. Although
the identity of the subunits was not known at the time, the more
recent 2.5 Å resolution crystal structure of cyanobacterial PS I
identiﬁes the non-primed subunits as the A-branch of cofactors.
These results were interpreted as evidence for a unidirectional
scheme for electron transfer through the A-branch of cofactors in
cyanobacterial PS I [251]. This initial conclusion has since yielded a
more nuanced assessment that electron transfer is bidirectional in
cyanobacteria, but with the caveat that the majority of the electron
ﬂux passes through the A- rather than B-branch of cofactors
[25,243] (see also Fig. 13). A follow-up study by transient EPR
spectroscopy showed an alteration of the spin polarized signals of
the P700+ A1− and P700+ FeS− radical pairs in PS I complexes isolated
with Triton X-100 from the PsaF and PsaE/PsaF null mutants. The
changes in the transient EPR data for the mutant complexes were
consistent with a signiﬁcant fraction of PS I complexes showing
faster electron transfer from A1A− to FX, slower forward electrontransfer from A0− to A1A, and slightly weaker quinone hyperﬁne
couplings, possibly as a result of a weakening of the hydrogen
bond to the A1A phylloquinone [252]. This study called into question
the previously proposed unidirectional model and suggested either
that electron transfer through the A-branch was accelerated or that
there was a redirection of electron transfer through the B-branch in
the deletion mutants. Recent time-resolved optical studies show
that this kinetic component, which was accelerated in the psaF null
mutant and even more so in the psaE psaF null mutant, could be
assigned to A1A− (and not A1B− ) oxidation [51]. Given what we now
know about the effect of the H-bond to A1A [246], these results can
be explained by a lower (i.e. more reducing) midpoint potential for
the phylloquinone in the A1A site of the psaF and psaE/psaF null
mutants. This would result in a large Gibbs free energy change
between A1A and FX, and correspondingly a faster rate of electron
transfer. Although the rate constant for the fast kinetic phase
attributed to A1B− oxidation was unaffected, the amplitude of the fast
kinetic phase (A1B− oxidation) increased by a factor of 1.8 and 2.0 at
the expense of the slow kinetic phase (A1A− oxidation), in the psaF
and psaE psaF null mutants, respectively. The change in ratio was
interpreted as a redirection of electron transfer through A1B at the
expense of A1A. Both the faster A1A− oxidation and the increased
electron ﬂux through the B-branch can be rationalized by a
wholesale displacement of the surface A-jk(1) α-helix (which
contains Tyr696PsaA) and the switchback loop (which contains
Leu722PsaA) to a new equilibrium position due to the loss of
extensive contacts with PsaE and PsaF (Fig. 15). The loss of contacts
would weaken the H-bond from Leu722PsaA to A1A, thereby
accounting for the acceleration of the slow kinetic phase. It would
also weaken the H-bond from Tyr696PsaA to A0A, thereby accounting
for the redirection of electron transfer through the PsaB branch of
cofactors.
A weakening of the H-bond from Tyr696PsaA to A0A may also
explain some very early results in which the relative amplitudes of
the fast and slow kinetic phases of ‘A1−’ oxidation depended on the
method used to isolate PS I complexes from spinach. When the
strong non-ionic detergent Triton X-100 was used to prepare PS I
particles, the fast kinetic phase was found to dominate, however,
when the weaker non-ionic detergent digitonin or a mixture of
digitonin and deoxycholate were used to prepare D144 or PSI-110
particles, roughly equal amounts of fast and slow kinetic phases
were present [114]. When a mechanical press was used to
mechanically fractionate the membranes, the fast kinetic phase
accounted for only 30% of the electron transfer. Because the
relatively strong detergent Triton X-100 removes PsaF from Swiss
Chard PS I [253] and because Triton X-100 extracts up to 60 bound
Chls from barley [254] and spinach [255] PS I, it is likely that the H-
bond from Tyr696PsaA to A0A was weakened in Ref. [114] due to a
displacement of the surface A-jk(1) α-helix and switchback loop as
the result of the loss of the PsaF protein. The weakening of the H-
bond from Leu722PsaA to A1A would also explain an early set of
results in which the prominence of the methyl hyperﬁne couplings
were related to the strength of the detergent used to isolate the
spinach PS I complexes [131]. In this work, the photoaccumulated,
X-band EPR spectrum of A1− in PS I complexes isolated using
digitonin showed the presence of partially resolved hyperﬁne
couplings from the methyl protons of the ring –CH3 group, whereas
the spectrum of A1− in PS I complexes isolated with Triton X-100
had lost much of the hyperﬁne structure so that it was not as broad
and therefore not as easily distinguished from the spectrum of A0−.
These differences were attributed to an unspeciﬁed perturbation of
the PS I complex induced by Triton X-100 [256]. In light of present
knowledge, they can now be explained by the fact that Triton X-100
induces loss of both PsaF and bound Chl molecules from spinach PS
I. These changes would weaken the H-bond from Leu722PsaA to A1A
resulting in a more equivalent electron density distribution around
Fig. 15. Depiction of the region surrounding the A1A phylloquinone, including the A-jk(1) helix that has numerous contacts with PsaF. Top: view from the stromal side in the plane of
themembrane. Bottom: view normal to themembrane. Phylloquinone is included in this depiction, but the phytyl tail is truncated for clarity. The H-bonds from Tyr676PsaA to A0A and
from Leu722PsaA to A1A are depicted; the N-terminus of PsaF was deleted in both views for clarity.
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prominent hyperﬁne features from the –CH3 fragment. It is
interesting that these effects are only seen in PS I complexes
isolated from higher plants and not from cyanobacteria. From this
work, it is clear that H-bonds play a signiﬁcant role in tuning the
thermodynamic properties of the A0A (A0B) and A1A (A1B) cofactors
and hence in specifying their role in carrying out light-induced
charge separation and charge stabilization in PS I. With this,
phylloquinone research has come full circle: the very earliest
observations on the properties and function of the phylloquinonecan now be explained through the very latest understanding of the
role of the H-bonds to the A0A and A1A (A0B and A1B) electron
transfer cofactors in PS I.
5. Unanswered questions and outlook for future work
One of the dangers of a review article is that in an attempt to ﬁt the
available data into a self-consistent model, the inevitable inconsis-
tencies and important counter data points have a tendency to become
marginalized or lost. The irony is that it is just those discontinuities
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example can be cited than the large amount of effort that went into
solving the long-debated issue of uni- or bidirectionality of electron
transfer in PS I. While it is now clear that both branches of cofactors
are active in prokaryotic as well as eukaryotic PS I, the controversy
triggered an intense effort that advanced our knowledge of how the
phylloquinones attain their thermodynamic and kinetic properties.
As that dispute fades, other debatable issues are coming into focus,
and these will similarly drive work in the coming decade. One
outstanding example is that at low temperatures, cyanobacterial PS I
appears to be involved in cyclic electron transfer (between P700 and
A1) in about 70% of the population while the rest undergo
irreversible electron transfer (from P700 to FA/FB). The absence of
any change whatsoever in the ratio of cyclic to non-cyclic electron
transfer upon prolonged illumination is difﬁcult to explain within
the commonly accepted paradigm of P700 as primary donor and A0A
(A0B) as primary acceptor(s). The question is why after a single
turnover ﬂash, when 30% of the charge separation becomes
irreversible, PS I does not ‘reset’, so that on the next ﬂash, 30% of
the remaining ground state population would become irreversibly
charge-separated, and so on until after a large number of ﬂashes, PS
I would not asymptotically attain a complete P700+ [FA/FB]− charge-
separated state. To prevent such a scenario, the involvement of each
branch in a particular type of electron transfer process must remain
unchanging with the probability of interchange approaching zero.
The key to unraveling the relationship between directionality and
cyclicity lies in understanding the involvement of the six excitoni-
cally coupled Chls that carry out light-induced charge separation
prior to the phylloquinones. Because the pathway followed by an
electron is pre-determined within these Chls before it reaches
phylloquinone, the dynamics of this process must be more fully
understood. Another outstanding example concerns the pathway
and dynamics of charge recombination between P700+ and [FA/FB]−.
The energetics of FX, whose properties are likely modulated by three
protein subunits; PsaA, PsaB and PsaC, may play a role in
determining the electron transfer pathway for charge recombination
in PS I. Here, the activity of the A- and B-branches are bound to be
different from the forward electron transfer reactions because the
electron transfer chain bifurcates at FX rather than at P700. Thus, the
issue of the route of charge recombination warrants further scrutiny.
A constant theme throughout this review has been how the protein
is able to modulate the thermodynamic properties of cofactors,
particularly the phylloquinones in the A1A and A1B binding sites in PS I.
If true understanding of a phenomenon means the ability to predict
the consequence of a change, then we are edging ever closer to that
goal in understanding phylloquinone function in PS I. Armed with this
type of structural, thermodynamic, and mechanistic information, it
should soon be possible to the tailor the A1A and A1B sites by
introducing a non-native quinones and by selectively altering the
protein environment so as to confer a pre-determined set of
thermodynamic properties to these important electron transfer
cofactors in PS I.
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